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Abstract
Exploring the geographic and temporal shifts of hybrid zones provides practical evidence for conservation
biologists investigating the dynamics of species invasions (Aldridge and campbell 2006, Buggs 2007, Ellstrand
1992, Endler 1977, Rhymer and Simberloff, 1996). I measured Ipomopsis floral and vegetative traits in 12
populations along an elevational gradient near Gothic, Colorado. Plants in this population were measured in
the early 1990s and in 2015, allowing me to track trait changes over time. Corolla length increased by an
average of 4.4mm, and corolla width increased by 0.11mm between 1992 and 2015. Reciprocal transplant
experiments found genetic and environmental bases for variation in corolla length and anther position.
Genetic-based variation in the corolla length over 23 years could represent and evolutionary change and a
plastic response to environmental variation. Contrastingly, corolla width did not change systematically over
time. Floral trait variation in this hybrid zone involves a complex assortment of selection pressures, mediated
by multiple pollinators and varied environmental conditions, which may be the cause of differential change in
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A b s t r a c t 
Explor ing t h e geograph ic a n d t e m p o r a l shifts of hybr id zones p rov ides 
pract ical ev idence for conse rva t ion biologis ts inves t iga t ing t h e d y n a m i c s of 
species invas ions (Aldr idge a n d Campbel l 2 0 0 6 , Buggs 2 0 0 7 , E l l s t rand 1992, 
End le r 1977, R h y m e r a n d Simberloff, 1996). I m e a s u r e d Ipomopsis floral a n d 
vegeta t ive t r a i t s in 12 p o p u l a t i o n s a long an e levat ional g r a d i e n t in n e a r Gothic, 
Colorado . P l an t s in th i s popu la t i on we re m e a s u r e d in t h e ear ly 1990 ' s a n d in 
2015, a l lowing m e to t r ack t ra i t changes over t ime . Corolla l eng th inc reased by an 
average of 4 . 4 m m , a n d corolla wid th increased by 0 .11mm b e t w e e n 1992 a n d 
2015. Reciprocal t r a n s p l a n t e x p e r i m e n t s found gene t ic a n d e n v i r o n m e n t a l bases 
for va r i a t ion in corol la l eng th a n d a n t h e r pos i t ion . Gene t i c -based va r i a t i on in t h e 
corol la l eng th over 2 3 yea r s could r ep resen t an evo lu t ionary c h a n g e a n d a plast ic 
r e sponse to e n v i r o n m e n t a l var ia t ion . Contras t ingly , corolla w id th d id n o t c h a n g e 
sys temat ica l ly over t ime . Floral t ra i t var ia t ion in th i s hybr id zone involves a 
complex a s s o r t m e n t of se lect ion p ressures , m e d i a t e d by mul t ip l e po l l ina to rs a n d 
var ied e n v i r o n m e n t a l condi t ions , which may be t h e cause of differential change 
in floral t r a i t s t h r o u g h o u t the cline. 
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O v e r v i e w 
T h e s tudy of n a t u r a l va r ia t ion in floral t ra i t s is i m p o r t a n t b e c a u s e it he lps 
us u n d e r s t a n d t h e roles of na tu ra l select ion, gene flow, a n d gene t ic drift in 
shap ing levels of a d a p t a t i o n a n d d i s t r ibu t ion of species ( J o n a s a n d Gebe r 1999)-
Evidence of local a d a p t a t i o n d e m o n s t r a t e s the significance of p a s t evo lu t ionary 
p rocesses a n d sugges t s a key role in p lan t r e sponses to c u r r e n t ecological 
dynamics (P ra t t a n d M o o n e y 2013). Intraspecif ic clinal va r ia t ion in p lan t t r a i t s 
has been obse rved a long elevat ional g rad ien t s in field cond i t i ons (Vitasse et al. 
2014). Cons i s t en t ab io t ic g rad ien t s have b e e n s h o w n to dr ive genet ical ly b a s e d 
clinal va r i a t ion in m o r p h o l o g y a n d pheno logy wi th in a species (P ra t t a n d Mooney 
2013). However , quan t i t a t i ve var ia t ion can also be t h e resul t of plas t ic i ty a n d 
does no t necessar i ly r e p r e s e n t gene t ic var ia t ion . 
Inves t iga t ing genet ical ly b a s e d clines, specifically, can also he lp uncover 
adap t ive r e s p o n s e s to c l imate change . Even t h o u g h local a d a p t a t i o n of p lan t 
species h a s b e e n widely s tud ied , less is k n o w n a b o u t plast ici ty in p lan t t r a i t s a n d 
var ia t ion ac ross species r anges (Leimu a n d Fischer 2 0 0 8 ) . A m o r e var iab le 
e n v i r o n m e n t shou ld b e assoc ia ted wi th g rea te r va r ia t ion in plas t ic i ty (Levins 
1968, M o r a n 1992). Key spa t ia l p a t t e r n s often involve a c h a n g e in specific t ra i t s 
over a n e levat ional g r a d i e n t (Scheepens et al. 2010) . A s h a r p c h a n g e in a t ra i t 
a long an e levat ional g rad ien t could indica te s t ronge r n a t u r a l se lect ion on t h a t 
t ra i t . 
My s t u d y s y s t e m cons i s ted of two species of Ipomopsis (I. aggregata and I. 
tenuituba) a n d fertile hyb r id s b e t w e e n t h e m , which g row a long an e levat ional 
g rad ien t a t Pover ty Gulch, G u n n i s o n County, CO. Ipomopsis aggregata g rows in 
the valley a t e leva t ions of 2 9 0 0 m a n d below, whi le / . tenuituba can be found on 
s teep s lopes above 3 1 0 0 m . Na tu ra l hybr id popu la t i ons g r o w o n d ry s lopes a t 
i n t e r m e d i a t e e leva t ions b e t w e e n t h e two pa ren t a l r anges (Campbel l , 2 0 0 4 ) . Th is 
e n v i r o n m e n t t r a n s i t i o n s f rom flat flower m e a d o w s to s t eep rocky s lopes wi th 
spa r se vege ta t ion . 
Elevat ional di f ferences wi th in o u r s t u d y s i t es a r e assoc ia ted wi th wa te r 
availabil i ty. Lower e leva t ions general ly have g rea te r soil m o i s t u r e t h a n h igher 
e levat ions . Vegeta t ive a n d physiological t ra i ts , such as specific leaf a r ea (SLA) 
a n d w a t e r - u s e efficiency, a re general ly expected to exper ience different se lect ion 
p re s su re s in d ry v e r s u s we t hab i t a t s (Dudley 1996). However , i n s t a n t a n e o u s 
m e a s u r e of w a t e r u s e efficiency (A/E), pho tosyn the t i c r a t e (Amax) a n d 
t r a n s p i r a t i o n r a t e (E) s h o w e d n o significant cor re la t ion wi th corol la l eng th or 
wid th in Ipomopsis aggreata a t Poverty Gulch (Price et al. 2 0 0 5 ) . A n o t h e r s tudy 
at Rocky M o u n t a i n Biological Labora to ry (RMBL), however , d e m o n s t r a t e d t h a t J. 
aggregata i nc reased flower p r oduc t i on with increased soil mo i s tu re , a n d t h a t 
corolla l eng th inc reased wi th g rea te r wa te r availabil i ty for all t h r e e p l a n t types (/ . 
aggregata, I. tenuituba a n d hybr ids ) (Campbel l a n d W e n d l a n d t 2013) . Also, 
average floral m o r p h o l o g y d id no t change in a plast ic way wi th s n o w m e l t da t e 
(Campbel l a n d Powers 2015). These da ta m a y indica te t h a t c h a n g e s in e levat ional 
p a t t e r n s over t i m e cou ld reflect bo th gene t ic differences a n d p h e n o t y p i c plast ici ty. 
Genet ic differences could b e dr iven by na tu ra l select ion or by t e m p o r a l c h a n g e s 
in t h e ex ten t of hybr id iza t ion . Differences in na tu ra l se lec t ion ac ross t h e g rad ien t 
could be p r o d u c e d by differences in wa te r availabili ty, b u t a lso by differences in 
t h e a b u n d a n c e of specia l ized po l l ina tors assoc ia ted wi th p a r e n t a l hybr id species; 
in th i s case, h u m m i n g b i r d s ve r sus h a w k m o t h s (Campbel l et al. 1997). Overal l , 
m a n y c o n t r i b u t i n g factors can inf luence floral a n d vegeta t ive t r a i t s w i t h i n th i s 
sys tem. H o w e v e r w i th in th i s sys tem, t ra i t var ia t ion is obse rved to b e assoc ia ted 
wi th soil m o i s t u r e a n d po l l ina to r a b u n d a n c e . I n o r d e r to u n d e r s t a n d how these 
factors inf luence floral morpho logy , l o n g - t e r m e x p e r i m e n t s m u s t b e c o n d u c t e d to 
record va r i a t ion in t ra i t r e s p o n s e t h r o u g h space a n d t ime . 
S p a t i o - t e m p o r a l va r ia t ion in select ion h a s received relat ively little 
a t t en t ion , often d u e t o a lack of l ong - t e rm da t a (Siepielski et al. 2 0 0 9 ) . Wi th a 
da t a se t da t ing b a c k 2 0 years , m y c o m p a r i s o n of cl ine va r i a t ion in floral t r a i t s has 
t h e po ten t ia l to desc r ibe h o w these t ra i t s have evolved t h r o u g h t ime . Explor ing 
t h e geograph ic shift in hybr id zones a lso provides pract ica l ev idence for 
conserva t ion biologis ts inves t iga t ing the dynamics of spec ies invas ions (Buggs 
2 0 0 7 ) . Eva lua t ing causes a n d c o n s e q u e n c e s of hybr id zone c h a n g e is crit ical if 
po ten t ia l ex t inc t ion is t o b e ave r t ed ( R h y m e r a n d Simberloff , 1996) , a s m a n y 
t h r e a t e n e d spec ies o w e the i r demise , in par t , to hybr id iza t ion wi th invad ing 
c o n g e n e r s (Allendorf a n d Lundqu i s t 2 0 0 3 , Buggs 2 0 0 7 , Wolf et al. 2001) . Hybr id 
zone m o v e m e n t is a n expec ted r e sponse to chang ing e n v i r o n m e n t s t h r o u g h a 
c h a n g e in spa t ia l l imi t a t ions a n d t h e r e s p o n d i n g express ion of p las t ic a n d 
canal ized p h e n o t y p e s . 
Plas t ic r e s p o n s e s to p rec ip i ta t ion have been s h o w n to c o n t r i b u t e to the 
processes of n a t u r a l se lect ion, specia t ion , a n d macroevo lu t ion (Sche iner , 1993; 
Crispo, 2 0 0 8 ) . For example , in Atriplex hymenelytra, Encelia farinose, Encelia 
californica, a n d Salvia leucophylla specific leaf a rea (SLA=leaf a r e a / d r y mass ) 
d e m o n s t r a t e s plas t ic i ty in r e s p o n s e to a l te red prec ip i ta t ion (Knight a n d Ackerly, 
2 0 0 3 ) , a n adap t i ve r e s p o n s e to var ia t ion in wa te r availabil i ty. P l an t s g rowing 
u n d e r dry c o n d i t i o n s a re likely to have a lower SLA, as g r e a t e r surface a rea a lso 
resul ts in i nc reased wa te r loss t h r o u g h t r an sp i r a t i on . However , i nc reased surface 
area also al lows for max imized l ight collection a n d gas exchange , a n d therefore 
can b e a n a d v a n t a g e w h e n wa te r is n o t a l imi t ing r e source (Corne l i s sen et al. 
2 0 0 3 ) . E x a m i n i n g t h e unde r ly ing m e c h a n i s m s b e h i n d t h e s e p las t ic r e s p o n s e s can 
i l lumina te a n d or p red ic t which t r a i t s a re selected for a n d , t hus , which factors 
inf luence spa t ia l a n d t e m p o r a l shifts. 
Th is s t u d y b e g a n by add r e s s ing the following ques t ion : H o w d o p r e s e n t 
day e levat ional cl ines in corolla length , corolla width , a n d m a x i m u m a n t h e r 
pos i t ion c o m p a r e wi th t hose obse rved in 1991 a n d 1992 (Campbe l l e t al. 1997) for 
p o p u l a t i o n s of Ipomopsis loca ted in Pover ty Gulch, G u n n i s o n County , Colorado? 
To s u p p l e m e n t t h e s e da ta , SLA was m e a s u r e d to c o m p a r e a c l ine in a vegeta t ive 
t ra i t wi th cl ines in floral t ra i t s in 2015. Based on k n o w n p a t t e r n s of specific leaf 
a rea , I p r ed i c t ed t h a t p o p u l a t i o n s of Ipomopsis wou ld exhibi t h i g h e r SLA in si tes 
with we t t e r soils, a n d lower SLA in s i tes wi th dr ie r soils. I hypo thes i zed t h a t 
select ion on vegeta t ive t r a i t s is expected to differ f rom t h a t of floral t ra i t s . Th is 
may b e t h e case b e c a u s e e n v i r o n m e n t a l cond i t ions a re no t ex t r eme ly var ied 
a m o n g p o p u l a t i o n s a long t h e elevat ional cline. Floral se lec t ion p re s su re s , 
however , a re d e t e r m i n e d , at least in par t , by t h r ee po l l ina tor species , only o n e of 
which is cons i s ten t ly a b u n d a n t f rom year to year . By inves t iga t ing t e m p o r a l floral 
t ra i t va r ia t ion , I can see if t h e r e have b e e n cl ine-wide sys t ema t i c c h a n g e s or if 
t ra i t va r i a t ion is r a n d o m from yea r to year . 
To explore t h e po ten t i a l causes of t e m p o r a l shifts in clines, I u s e d 
reciprocal t r a n s p l a n t e x p e r i m e n t s to a n s w e r t h e following q u e s t i o n : To w h a t 
ex ten t a r e e leva t iona l differences in a n t h e r pos i t ion , corolla l eng th , a n d corol la 
wid th d u e to p h e n o t y p i c plast ici ty ve r sus genet ic differences? Based on k n o w n 
p a t t e r n s of floral t ra i t s , I p red ic t ed tha t popu la t i ons of Ipomopsis wou ld exhibi t 
relatively s h o r t a n d wide corol las in the species / . aggregata at lower e levat ions , 
whi le J. tenuituba s h o u l d express long n a r r o w corol las at h i g h e r e leva t ions 
(Campbel l 2 0 0 4 ) . T h e s e p red ic t ions a re based on Ipoinopsis po l l ina to rs a n d 
pol l ina tor a rche types . Observ ing differences in floral t r a i t s a re essen t ia l to 
u n d e r s t a n d i n g t h e unde r ly ing m e c h a n i s m s tha t inf luence r ange shifts a n d 
p red ic t ing hybr id in te rac t ions . 
I p r e s e n t m y thes i s in six chap te r s . Chap te r o n e desc r ibes t h e n a t u r a l 
h is tory o f / , aggregata a n d / . tenuituba. C h a p t e r two exp la ins t h e i m p o r t a n c e of 
s tudy ing n a t u r a l hyb r id zones , po ten t ia l impl ica t ions for conse rva t ion . C h a p t e r 
t h r ee explores essent ia l e l e m e n t s of pheno typ ic plasticity, gene t ic mode l s 
desc r ib ing t h e evo lu t ion of plasticity, a n d how resea rch on th i s top ic c a n b e 
appl ied . T h e four th c h a p t e r ou t l ines hybr id zone theor ies , t he i r i m p o r t a n c e a n d 
h o w relat ive hybr id f i tness to pa ren t a l species can be used to u n c o v e r hybr id zone 
l imi ta t ions . I n t r o d u c t i o n s to floral t ra i t var ia t ion a n d my s t u d y sys t ems , J. 
aggregata a n d J. tenuituba, a r e p re sen ted be low in t h e r e m a i n i n g sec t ions of t h e 
in t roduc t ion . C h a p t e r five deta i l s my hypothes is , m e t h o d s , a n d t h e resu l t s of my 
expe r imen t s , a n d my final c h a p t e r inc ludes a d i scuss ion a n d conc lus ion of my 
findings. 
C h a p t e r 1. N a t u r a l H i s t o r y : 
S c a r l e t G i l i a a n d S l e n d e r t u b e S k y r o c k e t 
Ipomopsis aggregata a n d Ipomopsis tenuituba 
Phlox Family (Po lemoniaceae) 
Ipomopsis species d o n o t go easily unno t i ced . Their br ight red and whi te 
flowers provide eye-catching displays that a t t ract both pol l inators and natural is ts . 
T h e floral t r a i t s of species in t h e g e n u s Ipomopsis differ m o r e t h a n t h e vegeta t ive 
t ra i t s . Petal color in Ipomopsis varies f rom red, pink, a n d yellow o r a n g e t o whi te 
a n d lavender , whi le all species have s imi lar g rowth hab i t s a n d leaf size, s h a p e a n d 
color. H a b i t a t s inc lude low elevat ion p inon- jun ipe r forests , foothills, m o n t a n e 
wood lands , h igh m o u n t a i n m e a d o w s , a n d rocky cliffs (Schne ide r 2015) . Op t ima l 
g rowing cond i t i ons inc lude little wate r , par t ia l shade , a n d s a n d y soil (Schne ide r 
2015). Ipomopsis aggrega ta r ange f rom s o u t h e r n Bri t ish C o l u m b i a a n d M o n t a n a 
to N o r t h e r n Mexico, whi le / . tenuituba a re res t r ic ted to h igh e leva t ion hab i t a t s in 
the s a m e r a n g e (Fig. 1). Ipomopsis is pa r t of t h e Phlox family (Po lemon iaceae ) 
nat ive to t h e A m e r i c a n s , wi th t h e cen te r of diversi ty in t h e W e s t e r n Un i t ed States . 
Phlox Family 
Po lemon iaceae , t h e phlox family, which inc ludes Ipomopsis, is compr i s ed 
of a b o u t 4 0 0 species of he rbs , sh rubs , smal l t rees , a n d v ines (Fig. 2.). M e m b e r s of 
th is family a re c o m m o n deser t , m o n t a n e , or w o o d l a n d wildf lowers t h a t form 
impress ive d i sp lays d u r i n g the i r brief b l o o m i n g pe r iods ( J o h n s o n 2 0 0 8 ) . T h e r e is 
no t o n e d is t inc t ive morpho log ica l feature t h a t identif ies a m e m b e r of t h e Phlox 
family, however , c o m b i n a t i o n s of floral t r a i t s can be used to dif ferent ia te 
Po l emon iaceae f rom o t h e r families of f lowering p lan ts . Five sepa ls , fused petals , 
a n d s t a m e n s t h a t a l t e rna t e wi th corolla lobes, a n d an ovary wi th t h r e e fused 
carpe ls a re charac te r i s t i c s t h a t often d is t inguish Ipomopsis f rom t h e res t of t h e 
Phlox family (Pla te 1). T h e t h r e e - p a r t ovary, in c o m b i n a t i o n wi th t h e o t h e r floral 
features , is key ( J o h n s o n 2 0 0 8 ) . Mos t Po lemoniaceae species a re a n n u a l p l an t s 
t ha t ge rmina t e , f lower, a n d d ie wi th in a t w e l v e - m o n t h pe r iod . O the r s , however , 
a re pe r enn i a l a n d polycarp ic (pers i s t ing m o r e t h a n two yea r s a n d f lowering 
mul t ip le t i m e s d u r i n g the i r lives) a n d a few a re b ienn ia l ( two-year l i fespan) 
( J o h n s o n 2 0 0 8 ) . / . aggregata a n d / . tenuituba follow an u n i q u e life h is tory , 
different t h a n m o s t of t h e phlox family, b u t s h a r e c o m m o n floral morpho log ies . 
Ipomopsis 
A n d r e Michaux first desc r ibed the Ipomopsis g enus in 1803 a n d Freder ick 
Pu r sh first desc r ibed w h a t is t o d a y Ipomopsis aggregata in 1814 (Pla te 2). 
(Schne ide r 2015) . T h e s p e c i m e n Pur sh used w a s f rom a collect ion b r o u g h t to h i m 
by Mer iwe the r Lewis f rom w h a t is t oday I d a h o (Schne ide r 2015) . P u r s h first 
n a m e d t h e p l a n t Cantua aggregata (Gran t a n d Wilken 1986). Since t h e n , t h e 
species h a s seen dozens of n e w classifications. The p l a n t was n a m e d n a m e Gilia 
aggregata in 1825 by Chr i s t i an Konrad Sprenge l (Gran t a n d Wi lken 1986) a n d 
tha t r e m a i n e d t h e n a m e unt i l 1956 w h e n it was reclassified as J. aggregata 
(Schne ide r 2015) . T h e first accoun t s of Ipomopsis tenuituba (P la te 3), we re 
collected in U t a h by E d w a r d Pa lmer in 1877, b u t r e m a i n e d an undi f fe ren t ia ted 
species unt i l 1913, w h e n desc r ibed as Gilia tenuituba (Schne ide r 2015) . 
Ipomopsis tenuituba a lso was reclassified by Verne a n d Alva G r a n t in 1965 
(Gran t a n d G r a n t 1965). M u c h of th is t a x o n o m i c confusion s t e m s f rom t h e g rea t 
var ia t ion in f lower color a n d s h a p e a m o n g popu la t ions . Th is va r i a t ion a n d 
s u b s e q u e n t spec ia t ion m a y b e dr iven by select ion from different po l l ina to rs 
(Schne ider 2015) . 
Ipomopsis aggregata a n d / . tenuituba have life h i s to r ies un l ike m a n y 
wildflowers in t h e reg ion a n d in the phlox family. Ipomopsis is a m o n o c a r p i c 
pe renn ia l , wi th a t ap roo t , soft woody base , a n d o n e to several e rec t s t e m s (Fig. 3) . 
(Campbel l e t al. 1997, G r a n t a n d Wilken 1988a) . Each p lan t p r o d u c e s a rose t t e in 
its first yea r (P la te 4) a n d may live in a non - r ep roduc t i ve s t a t e for 2 to 12 yea r s 
before p r o d u c i n g o n e or m a n y inf lorescences (Fig. 3), a n d dying t h e following 
win te r (Campbe l l et al. 1997). Herb ivory a n d avai lable r e sources can inf luence 
the n u m b e r of yea r s s p e n t in t h e vegeta t ive s ta te (Campbel l et al. 1991). 
Vegeta t ion is usua l ly foul smel l ing wi th whi te woolly p u b e s c e n c e as s een in Pla te 
4 ( G r a n t a n d Wi lken 1986) . Each inf lorescence cons is t s of a m a i n s tock, vary ing 
lateral s t e m a b u n d a n c e wi th o n e to t h r ee flowers a n d leafy brac t s ; f lowers a re 
often, b u t no t a lways a r r a n g e d a long o n e s ide (Pla te 3) . Each flower fo rms an 
e longa ted tube , or corol la , f rom fused petals . Each corolla d iv ides i n to five 
s p r e a d i n g corol la lobes a t t h e t ip (Schne ider 2015). Petal color var ies a m o n g 
scarlet , p ink , o r ange , yellow, or whi te (Pla te 5). S t a m e n s a re u n e q u a l in l eng th 
with a n t h e r s t h a t e i the r e x t e n d ou t o r a re inc luded in corolla (Schne ide r 2015). 
Yellow a n d s o m e t i m e s whi te pol len are m o s t c o m m o n ( G r a n t a n d Wi lken 1986). 
F lower ing s ta lks a r e often ea t en by nat ive wildlife a n d l ivestock, b u t p l an t s can 
c o m p e n s a t e for he rb ivory by s end ing u p new shoo t s a n d b r a n c h e s (Fer t ig 2013). 
Both species of Ipomopsis in th is s tudy begin f lowering in la te J u n e a n d t h e 
flowering s e a s o n ex t ends in to late s u m m e r , wi th the frui t ing pe r iod ex t end ing 




Ipomopsis aggregata a n d / . tenuituba a r e f requent ly s e p a r a t e d by 
e x t r e m e hab i t a t va r i a t ion f rom m o u n t a i n m e a d o w s to s t eep rocky cliffs. However , 
e x t r e m e hab i t a t shifts d o no t a lways c rea te a comple t e i so la t ing ba r r i e r , so t h e r e 
are f requent ly ove r l app ing ranges or zones of s y m p a t r y ( G r a n t a n d Wi lken 1988b, 
Aldr idge 2 0 0 5 ) . H y b r i d s occur f requent ly be tween ad jacen t p o p u l a t i o n s of t h e s e 
species . T h e hybr id f lowers a p p e a r i n t e r m e d i a t e in m o r p h o l o g y a n d have a 
dis t inct , o r a n g e - r e d color (Pla te 6) (Gran t a n d Wilken 1988a) . Both species a n d 
the i r hyb r id s a re difficult to d is t inguish by vegeta t ion a lone (Campbe l l et al. 
2 0 0 3 ) . Floral m o r p h o l o g y con t r ibu te s to reproduc t ive i so la t ion b e t w e e n t h e red-
flowered / . aggregata ssp. aggregata a n d the pale-f lowered / . tenuituba ssp. 
tenuituba in t h e Rocky M o u n t a i n s of Colorado (CO) (Campbe l l e t al. 1997, 
M e l e n d e z - A c k e r m a n a n d Campbel l 1998). H u m m i n g b i r d s (Selasphorus 
platycercus a n d S. j'ufus) prefer to visit t h e b r o a d e r - t u b e d , red f lowers of I. 
aggregata, w h e r e a s h a w k m o t h s (Hyles lineata) select for s l e n d e r - t u b e d flowers 
of I. tenuituba, l ead ing to d ivergent select ion o n corolla w id th (Campbe l l et al. 
1997, Bischoff e t al. 2015). A l though rare , in loca t ions w h e r e these p o p u l a t i o n s 
co-occur , foraging h u m m i n g b i r d s a n d h a w k m o t h s visit b o t h / . aggregata a n d 
I.tenuituba a n d often t r ans i t i on b e t w e e n t h e m (Aldr idge a n d Campbe l l 2 0 0 7 ) . 
T rans i t i ons b e t w e e n t h e p l a n t species resu l t in pol len t rans fe r (Campbe l l et al. 
1998) a n d in te r spec ies po l l ina t ions gene ra t e as m a n y seeds as conspecif ic 
po l l ina t ions (Campbe l l a n d W a s e r 2001) . Thus , po l l ina tor behav io ra l differences 
d o inf luence hybr id iza t ion . 
Ipomopsis aggregata 
T h r o u g h o u t h is tory , t a x o n o m i s t s have n a m e d over 27 taxa of I. aggregata 
as indiv idual species . Today , t h o s e 27 taxa a re recognized as o n e of t h r e e species, 
each wi th 7 to 10 subspec ies (Schne ide r 2015). / . aggregata g rows t h r o u g h o u t 
t h e w e s t e r n USA, usual ly be low 2 9 0 0 m elevat ion (Aldr idge 2 0 0 5 ) . It b l o o m s 
from la te s p r i n g t h r o u g h s u m m e r a n d in to early fall a n d flowers r a n g e f rom fiery 
red t o r e d / o r a n g e a n d occasional ly yellow (Plate 3) (Schne ide r 2015). O n e key 
d i s t ingu i sh ing fea tu re t h a t s epa ra t e s / . aggregata f rom J. tenuituba is t h a t J. 
aggregata p r o d u c e s s t a m e n s a n d a n t h e r s t h a t do no t e x t e n d b e y o n d t h e open ing 
of t h e corol la (Schne ide r 2015). In c o m p a r i s o n to / . tenuituba, I. aggregata h a s a 
sho r t e r t a p e r e d calyx a n d p r o d u c e s grea te r nec ta r v o l u m e a n d m o r e c o n c e n t r a t e d 
nec ta r (Campbe l l et al. 1997). J aggregata p roduces nec ta r d u r i n g t h e day to 
a t t r ac t h u m m i n g b i r d s , Selasphorus platycercus a n d S. rufus (Campbe l l e t al. 
1997, Bischoff et al. 2015). J. aggregata f lowers a re genera l ly odor less , b u t 
va r ia t ion in volat i le c o m p o u n d s occurs (Campbel l et al. 1997). A l though def ined 
as h e r m a p h r o d i t i c , I.aggregata has s h o w n sex al locat ion in f lowering m o n t h s , 
wi th p h e n o t y p i c g e n d e r r each ing a p ropor t i on of 0 .77 female c o m p o n e n t s relat ive 
to male (Campbe l l 1992). More general ly, / . aggregata f lower s h a p e differs f rom 
J. tenuituba by possess ing a s h o r t e r a n d wider corolla, which can b e assoc ia ted 
wi th t h e b e a k s h a p e of t he i r h u m m i n g b i r d pol l ina tors . 
Ipomopsis tenuituba 
Ipomopsis tenuituba popu la t i ons t e n d to occur at h ighe r e leva t ions t h a n J. 
aggregata, in s u b a l p i n e fir a n d high e levat ion s a g e b r u s h c o m m u n i t i e s 
(Schne ide r 2015) . Ipomopsis tenuituba is less widely d i s t r i bu t ed , a n d typically 
g rows a t e leva t ions above 3 1 0 0 m (Gran t 1959, Aldr idge 2 0 0 5 ) . Ipomopsis 
10 
I 
tenuituba h a s a pa le p ink to lavender , whi te , or m o r e rarely a l ight p u r p l e flower 
(Plate 3) (Schne ide r 2015) , wi th long, s l ender tubes ; charac te r i s t i cs assoc ia ted 
wi th h a w k m o t h po l l ina t ion (Gran t a n d Gran t , 1965), a l t h o u g h a t s o m e si tes 
h u m m i n g b i r d s a re t h e m o r e c o m m o n pol l ina tor (Campbel l et al. 1997, Aldr idge 
2 0 0 5 ) . Unl ike / . aggregata, s t a m e n s a n d a n t h e r s usual ly e x t e n d b e y o n d t h e 
open ing of t h e corol la (Schne ide r 2015). Ipomopsis tenuituba genera l ly has a 
longer , m o r e s l ende r calyx lobes wi th t h i n n e r petal lobes t h a n J. aggregata a n d 
p r o d u c e s n e c t a r in the ear ly m o r n i n g or late a f te rnoon, wi th swee t smel l ing 
flower volat i les in t h e la te evening to a t t rac t h a w k m o t h s , Hyles lineata 
(Schne ide r 2015) , 
A n o t h e r d i s t i ngu i sh ing fea ture of / . tenuituba is t h e p r o d u c t i o n of the 
n i t r o g e n o u s volat i le o rgan ic c o m p o u n d (VOC) indole (Bischoff et al. 2014) . 
Ipomopsis spec ies emi t large a m o u n t s of VOC's t h a t inc lude t e rpeno ids , b u t 
indole is t h e m a i n s e p a r a t i n g volatile b e t w e e n t h e s e two a n d the only n i t r o g e n o u s 
VOC (Bischoff e r a / . 2014) . 
Indo le is c o m m o n to o t h e r haw r kmoth-pol l ina ted species such as : 
Hedychiumflavum (Zingiberaceae), H. gardnerianum (Zingiberaceae), 
Angraecum sesquipedale (Orchidaceae), a n d Epidendrum cilare (Orchidacea) 
( K n u d s e n a n d Tol l s ten 1993; Levin et al. 2001) a n d is an a n t e n n a l s t i m u l a n t for 
H. lineata ( R a g u s o et al. 1996). Indole is emi t t ed j u s t after s u n s e t , d u r i n g 
h a w k m o t h s ' act ive pe r iod , b u t n o t d u r i n g t h e day (Bischoff et al. 2014) . T h e s e 
resul ts sugges t t h a t t h e s y n c h r o n o u s t i m i n g of indole e m i s s i o n s wi th t h e 
c repuscu la r p a t t e r n of h a w k m o t h foraging activity migh t c o n t r i b u t e to 
r ep roduc t ive isola t ion (Bischoff et al. 2015). / . tenuituba largely has longer a n d 
t h i n n e r corol las c o m p a r e d to / . aggregata. Var ia t ion b e t w e e n t h e s e two species 
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a n d the i r floral t ra i t s , n o t only d i s t inguish t h e m , b u t a lso inf luence the i r isolat ion, 
specia t ion , a n d r e c o m b i n a t i o n as hybr ids . 
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C h a p t e r 2 . C o n s e r v a t i o n I m p l i c a t i o n s : 
Conservation and the Changing World 
I n c r e a s e d CO2 emis s ions assoc ia ted wi th indus t r i a l i za t ion have a l ready 
caused species ex t inc t ions , a l t e red the species a b u n d a n c e , d i s t u r b e d interspecif ic 
in te rac t ions , r e su l t ed in a l t i tudina l a n d la t i tudina l shifts in geograph ic r anges of 
species, a n d a l t e r ed pheno logy (Ar rhen ius 1896, A n d r e w a r t h a a n d Birch 1954, 
MacAr thu r 1972, P a r m e s a n 2 0 0 6 , Lenoir e t al. 2 0 0 8 ) . H a b i t a t s in c u r r e n t 
l andscapes a re highly d is jo in ted; species are be ing exposed to novel 
e n v i r o n m e n t a l s t r e s se s d u e to c l imate change , the e x p a n d i n g r a n g e of invasive 
species, a n d hab i t a t d e g r a d a t i o n (F ranks et al. 2 0 0 7 , Ackerly et al. 2010 , Colaut t i 
a n d Bar re t t 2010 , O u b o r g e t al. 2 0 0 6 , Willi et al. 2 0 0 6 ) . A l though s o m e p l a n t s 
have b e e n found to a d a p t to t h e s e chang ing condi t ions , c l imate c h a n g e can b e a 
powerful se lect ion factor, l ead ing to t h e adap t ive evolu t ion of significant p lan t 
t ra i t s for an a n n u a l species in j u s t a few gene ra t i ons ( F r a n k s et al. 2 0 0 7 ) . 
Rap id c l imate change , toge the r wi th hab i t a t f r agmen ta t ion , is l ead ing t o 
in t ense select ive p r e s s u r e s a n d dec reased genet ic flow, respect ively ( J u m p a n d 
Penuelas , 2 0 0 5 ) . C l ima te change is a lso impos ing mul t i faceted a n d o p p o s i n g 
selective s t r e s se s on s tab le long-l ived popu la t ions , which in t u r n c o n s t r a i n t h e 
ex ten t a n d ecological benef i ts of pheno typ i c plasticity, modify spec ies 
in te rac t ions , a n d decoup le c l imate a n d local a d a p t a t i o n , l ead ing to an inc reased 
suscept ibi l i ty to e x t r e m e c l imat ic even t s a n d to a g rea t e r r isk of mor ta l i ty of 
p lan t s u n d e r t h e n e w cl imat ic c i r cums tances (Val ladares a n d N i i n e m e n t s 2 0 0 8 ) . 
Toge ther , t h e s e resu l t s s h o w t h a t ou r c u r r e n t knowledge a b o u t t h e ro le of 
pheno typ i c plast ic i ty in e i ther sh ie ld ing or intensifying t h e i m p a c t of global 
change on p lan t species a n d c o m m u n i t i e s is not yet sufficient to p red ic t fu ture 
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biodivers i ty scena r ios because of t h e complexi ty of t h e ecological a n d gene t ic 
l imits t o plast ic i ty (Val ladares et al. 2 0 0 7 ) . Thus , r e sea rch o n p h e n o t y p i c 
plastici ty a n d p red i c t ed c l imate c h a n g e condi t ions , i.e. i nc reased t e m p e r a t u r e 
a n d C 0 2 concen t r a t i ons , is n e e d e d to calculate the i m p a c t of global c h a n g e s on 
h e r b a c e o u s species s imi la r to Ipomopsis. 
Pheno typ ic plast ic i ty a n d global c h a n g e 
Inves t iga t ion of pheno typ i c plastici ty plays a n i m p o r t a n t role in 
i l lumina t ing t h e i m p a c t of global c h a n g e on essent ia l p l a n t spec ies a n d 
c o m m u n i t i e s (Bawa a n d D a y a n a n d a n , 1998; Rehfeldt et al. 2001 ; M a r o n et al. 
2 0 0 4 ) . T h e s ignif icance of pheno typ i c plastici ty as a b a r r i e r aga ins t ex t inc t ion 
h a s no t b e e n widely va lued . In reality, t h e degree of species ' ex t inc t ion m a y have 
been gross ly o v e r e s t i m a t e d in m a n y mode l s of d i s t r ibu t ion shifts i n d u c e d b y 
c l imate c h a n g e b e c a u s e plast ici ty in popu la t i ons of t h r e a t e n e d spec ies is no t 
cons ide red (Thui l ler et al. 2 0 0 5 ) . In a rapidly chang ing local a n d global 
e n v i r o n m e n t , superficial ly a d a p t e d popu la t i ons wi th low plast ic i ty in na tura l ly 
selected funct ional ly i m p o r t a n t t r a i t s m igh t b e a t a h ighe r r isk of ex t inc t ion 
(Val ladares et al. 2 0 0 7 ) . Evidence sugges ts t h a t c l imate c h a n g e shou l d favor h igh 
levels of p h e n o t y p i c plast ici ty in p lan t s ( P a r m e s a n , 2 0 0 6 ) . However , c l imate 
change often involves s i m u l t a n e o u s fluctuations in two or m o r e abiot ic a n d biot ic 
factors, wh ich m a y l imi t t h e ex ten t to which plas t ic p h e n o t y p e s can a d a p t to 
chang ing cond i t ions . For example , / . tenuituba a n d / . aggregata express fewer 
a n d smal le r flowers wi th dec reased soil mois tu re ; dec reased p rec ip i t a t ion 
assoc ia ted wi th c l imate c h a n g e could l imit t h e abili ty to a t t r ac t po l l ina to rs a n d 
dec rease overal l r ep roduc t i ve success (Campbel l a n d W e n d l a n d t 2013) . 
Therefore , a wide r ange of imperfec t so lu t ions to t h e conflict ing s i t ua t i ons faced 
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by p lan t s in c h a n g i n g a n d complex e n v i r o n m e n t s have b e e n obse rved in n a t u r e . 
As s h o w n by Val ladares , ( 2 0 0 7 ) , t h r ee in te rac t ing species can lead t o a b r o a d 
range of adap t ive va lues of plasticity, s o m e t h i n g tha t b e c o m e s m o r e compl ica ted 
by t h e spa t ia l a n d t e m p o r a l he te rogene i ty of abiot ic factors . 
T h e complex i ty t h a t deve lops from t h e cons ide ra t i on of several species , 
abiot ic factors, a n d the i r in te rac t ions can expla in the co-exis tence of species wi th 
con t r a s t i ng plast ici t ies . Cons ide r ing these in te rac t ions a lso ra i ses t h e possibi l i ty 
t h a t no t all r e s p o n s e s t o global c l imate change a re adapt ive . It h a s b e e n sugges ted 
t h a t global c l imate c h a n g e may a l ter pheno typ ic in tegra t ion , resu l t ing in b r a n c h 
abor t ion , cone p r o d u c t i o n a n d changes in foliage d y n a m i c s i n d u c e d by c l imat ic 
variabi l i ty in Scots p ine (Mar t inez-Alonso et al. 2 0 0 7 , Va l l adares 2 0 0 7 ) . Thus , 
global c h a n g e h a s t h e po ten t i a l to induce differential p las t ic r e s p o n s e s in co-
occur r ing species a n d inf luence pheno typ ic in teg ra t ion t h a t m a y in t u r n inf luence 
plast ici ty for ce r t a in t ra i t s . 
Assess ing c l imate c h a n g e var ia t ion requ i res u n d e r s t a n d i n g of t h e divers i ty 
a m o n g p lan t spec ies in t h e exist ing p lan t c o m m u n i t y a n d the i r g rowth s t ra teg ies 
in r e s p o n s e to chang ing resource availabil i t ies (Val ladares 2 0 0 6 ) . Since species 
wi th w i d e s p r e a d geog raph i c r anges have t h e po ten t ia l to exhibi t large 
intraspecif ic va r i a t ion in physiology, morpho logy , a n d phenology , t hey may serve 
as good m o d e l s for s tudy ing local a n d regional a d a p t a t i o n (Soo lanayakanaha l ly et 
al. 2 0 0 9 ) . Yet a d a p t a t i o n to fu ture c l imate c h a n g e could r equ i re t h e evolu t ion of a 
n u m b e r of different t ra i t s , wh ich may be inh ib i ted by cor re la t ions b e t w e e n said 
t ra i t s or t he i r e n v i r o n m e n t a l t r iggers (E t t e r son a n d S h a w 2001) . Therefore , it is 
essent ia l to identify h o w plas t ic p l an t funct ional t ra i t s r e s p o n d to global c h a n g e 
in o rde r to accura te ly pred ic t species r ange shifts (Nicot ra et al. 2010) . By 
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identifying n e w spec ies d i s t r ibu t ions , o n e can locate essent ia l e n v i r o n m e n t s to 
p ro tec t species d ivers i ty in the chang ing l andscape . F u r t h e r m o r e , it is crucial to 
fully u n d e r s t a n d t h e ecological consequences a t species a n d ecosys t em levels, 
keep ing in m i n d t h a t species wi th grea te r adap t ive plast ici ty m a y be m o r e likely 
to survive novel e n v i r o n m e n t a l condi t ions , s ince these c h a n g e s genera l ly occur 
too quickly t o al low for an evolu t ionary or migra to ry r e sponse . Never the less , t h e 
ex ten t t o which p h e n o t y p i c plast ici ty may assis t survival u n d e r chang ing 
e n v i r o n m e n t a l cond i t i ons still r e m a i n s largely u n k n o w n . 
Cl imate c h a n g e has a l ready been s h o w n to i m p o s e cons ide rab le select ion 
for s t r ess t o l e r ance (Lenior e t al. 2 0 0 8 , P a r m e s a n 2 0 0 6 ) . None the le s s , few 
s tud ies have specifically t e s ted w h e t h e r species a re a d a p t i n g t o novel cond i t ions 
(Hof fmann a n d Willi 2 0 0 8 ) . A n n u a l s a n d shor t - l ived p e r e n n i a l s a re t h o u g h t to 
have t h e capac i ty to a d a p t to chang ing cond i t ions m o r e easily t h a n long-l ived 
h e r b a c e o u s a n d w o o d y pe renn ia l s because of s h o r t e r g e n e r a t i o n t i m e s (Ande r son 
et al. 2011b). However , m o r e s tud ies are n e e d e d to d e t e r m i n e th is for ce r ta in . 
P lan t s a r e flowering ear l ie r t h a n ever previously recorded a n d have b e e n found to 
be highly r e spons ive to e n v i r o n m e n t a l condi t ions , such as ear l ie r s n o w mel t seen 
wi th Boechera stricta ( A n d e r s o n e t al. 2012) . Plasticity in flowering t ime , as well 
as o t h e r floral t ra i t s , p rov ides va luable ins ight in to t h e evo lu t iona ry r e sponse to 
c l imate change . 
Global c l imate c h a n g e m a y also indirect ly affect p l an t s by affecting p l a n t 
a n i m a l in te rac t ions , a n d , m o r e general ly, p l an t s y m b i o n t s (Penue l a s et al. 2 0 0 2 , 
H o d a r et al. 2 0 0 4 ) . Evidence sugges t s t h a t c l imate c h a n g e h a s b e e n respons ib le 
for r ange shifts b o t h away f rom the e q u a t o r a n d to h igher e leva t ions of m a n y 
species (Thui l ler et al. 2 0 0 5 ) . However , no t every species is affected by c l imate 
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change in t h e s a m e way; r ange shifts have var ied a m o n g species a n d have t h e 
po ten t ia l to great ly modify in t e rac t ions (Poor te r a n d L a m b e r s 1986, Sanchez-
Gomez 2 0 0 6 , Thui l le r e t al. 2 0 0 5 , Val ladares e t al. 2 0 0 7 ) . Th i s c a n lead to 
s epa ra t i on of po l l ina to r s a n d seed d i spe r se r s f rom the i r hos t p l an t s , r esu l t ing in 
inb red p o p u l a t i o n s a n d po ten t ia l ext inct ion. For example , I. tenuituba in Pover ty 
Gulch, CO h a s only h a d vis i ta t ions from the i r p r i m a r y h a w k m o t h po l l ina to r in 3 
of t h e last 2 0 years , a n d c l imate change is t h o u g h t to b e t h e cause (Campbe l l et al. 
1997). 
Select ion w h e n t h e s e p r i m a r y po l l ina tors are p r e s e n t h a s a grea t i m p a c t on 
floral se lec t ion a n d p lan t f i tness wi th in th is sys tem, b e c a u s e fitness d u r i n g t h e s e 
vis i ta t ion yea r s is significantly g rea te r (Campbel l et al. 1997). Seed p r o d u c t i o n in 
yea r s w h e n h a w k m o t h s a re p r e s e n t has lead to a l m o s t d o u b l e t h e fruit p r o d u c t i o n 
c o m p a r e d to yea r s w i t h o u t h a w k m o t h s (Campbel l et al. 1997). T h e p r e sence of 
seed p r o d u c t i o n in yea r s w i thou t h a w k m o t h s sugges t s t h a t non-speci f ic 
po l l ina t ion does occur t h r o u g h inc identa l con tac t of o the r b io ta . By s t u d y i n g 
floral t r a i t s a long a n a t u r a l e levat ion a n d t e m p o r a l g rad ien t , I can exp lo re h o w 
floral t r a i t s a n d the i r a ssoc ia ted species ' r anges a re chang ing wi th wor ld c l imate . 
Since t h e p o p u l a t i o n s I a m s tudy ing a re assoc ia ted wi th a n a t u r a l hyb r id zone, I 
can explore h o w t h e e n v i r o n m e n t selects for novel t r a i t s a long a n e levat ional 
g rad ien t . 
As global c l ima te changes , p l an t s will no t only have to a d a p t t o an inc rease 
in a m b i e n t C 0 2 levels b u t a lso t o a c h a n g e in t h e c a r b o n - n i t r o g e n levels in t he i r 
t i ssues (Arnone et al. 1995). These changes may r educe t h e levels of s econda ry 
c o m p o u n d s a n d nu t r i t i ona l va lue of p l a n t t i s sues a n d r educe food qual i ty for 
herb ivores , po ten t ia l ly caus ing a n increase in he rb ivory a n d d a m a g e to t h e p l a n t 
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(Val ladares et al. 2 0 0 7 ) . An increase in herb ivory can d i s r u p t t h e mutua l i s t i c 
r e l a t ionsh ip m a n y po l l ina to r s have wi th the i r hos t species, w h e r e adu l t s pol l ina te 
a n d lay eggs o n t h e hos t p l an t to c o n s u m e a n d deve lop d u r i n g early life s t ages 
(Arnone et al. 1995). A c h a n g e in ca rbon-n i t rogen levels m a y inc rease larval 
herb ivory of t h e hos t p lan t ; potent ia l ly unt i l t h e d e a t h of t h e hos t p lan t . Howeve r 
if t h e hos t d o e s n o t die, it may no t p roduce flowers d u e to i nc r ea sed herbivory , 
a n d if it does , t hey could be c o n s u m e d , deny ing t h e adu l t po l l ina to r floral nec ta r . 
Reduced p l a n t chemica l defenses can also lead to an inc rease in overal l herb ivory 
a n d m a y n o t select for t he i r mutua l i s t i c herb ivores (Val ladares e t al. 2 0 0 7 ) . For 
example , J. tenuituba s h a r e s a symbio t ic r e l a t ionsh ip wi th t h e h a w k m o t h , Hyles 
lineata. Adul t h a w k m o t h s a re a t t r ac t ed to t h e flowers a n d oviposi t on t h e leaves. 
Developing la rvae feed o n the p l an t , a n d develop in to m o r e m o t h s t h a t po l l ina te 
the p lan t . Cl imate c h a n g e can have p ro found a n d mul t i face ted effects o n species, 
d u e to f luc tua t ions in abiot ic factors tha t can great ly inf luence b io t ic factors, 
t he reby amplifying levels of complexi ty . 
Habitat fragmentation 
In today ' s h ighly d is jo inted l andscapes , species a r e be ing exposed to novel 
e n v i r o n m e n t a l s t r e s se s d u e to c l imate change , chang ing ranges , a n d hab i t a t 
deg rada t ion . Hab i t a t f r agmen ta t i on r educes tota l popu la t i on n u m b e r s a n d 
average p o p u l a t i o n size a n d increases geograph ic isola t ion ( O u b o r g et al. 2 0 0 6 ) . 
Popu la t ion bo t t l enecks , gene t ic drift, inbreed ing , a n d r educed gene flow have 
dec reased gene t i c d ivers i ty in smal l f r agmented popu la t i ons , resu l t ing in 
increased homozygos i ty , d e p r e s s e d fitness, a n d popu la t i on ex t inc t ion ( O u b o r g et 
al. 2 0 0 6 , Willi et al. 2 0 0 6 ) . Even long-lived wind-po l l ina t ed species have s h o w n 
increased i nb reed ing , a r educ t ion in diversi ty, a n d a l t e red b r e e d i n g sys t ems as a 
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resul t of hab i t a t f r a g m e n t a t i o n ( J u m p a n d Penuelas , 2 0 0 6 ) . W i t h inc reased 
hab i t a t f r agmen ta t i on , c o n s t r a i n e d genet ic var ia t ion can l imi t adap tab i l i ty of 
species to novel c l ima tes assoc ia ted wi th c l imate c h a n g e (Hof fmann a n d Willi 
2 0 0 8 , O u b o r g e t al. 2 0 0 6 , Willi et al. 2006 , ) . Many s tud i e s have neglec ted the 
impl ica t ion of f r agmen ta t i on on the potent ia l of species in t h e con tex t of global 
c l imate c h a n g e ( A n d e r s o n et al. 2011a). Many species a re n o t a d a p t e d to rap id 
e n v i r o n m e n t a l fluctuations assoc ia ted wi th c o n t e m p o r a r y c l imate change , a n d 
may n o t have t h e plast ic i ty for s t ress to le rance or d i spersa l m e c h a n i s m s n e e d e d 
to w i t h s t a n d c h a n g i n g c l imate cond i t ions or t rack p re fe r red cond i t ions (Masso t 
et al. 2 0 0 8 ) . 
W e k n o w very little abou t how hab i t a t f r agmen ta t ion affects adap t ive 
evolut ion u n d e r p ro jec ted c l imate change . Never the less , c l ima te c h a n g e can 
intensify i n b r e e d i n g d e p r e s s i o n (Fox a n d Reed 2010) ; t hus , i n b r e d f r a g m e n t e d 
p o p u l a t i o n s could s h o w a r educed capaci ty to a d a p t t o c o n t e m p o r a r y a n d 
chang ing e n v i r o n m e n t s relat ive to large u n f r a g m e n t e d popu la t i ons . F r a g m e n t e d 
p o p u l a t i o n s wi th d e c r e a s e d gene t ic diversi ty migh t lack va r i a t ion for key 
ecological t r a i t s s u c h as d rough t - to l e rance , or pol l ina t ion a n d d ispersa l , whe re 
artificially d i s t r i bu t i ng individuals to sui table hab i t a t s may be necessa ry to 
p reven t d r a m a t i c dec l ines in species a n d genet ic divers i ty ( D a m s c h e n et al. 
2 0 0 6 ) . A l though t h e s e conse rva t ion pract ices have po ten t ia l to p r e v e n t ex t inc t ion 
with c h a n g i n g global c l imate , t he r e is n o g u a r a n t e e t h a t t h e s e t e c h n i q u e s will be 
successful. 
Recen t s t ud i e s sugges t t h a t u n d e r c l imate change , p h e n o t y p i c plast ic i ty is 
m o r e likely to play a key role in survival t h a n gene t ic divers i ty (Vi tasse e t al. 
2010) . Dis t inct ive r e s p o n s e s to c l imate can ar ise b e t w e e n p o p u l a t i o n s t h r o u g h o u t 
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a species ' d i s t r ibu t ion , b u t also b e t w e e n ne ighbor ing ind iv idua ls in t h e s a m e 
popu la t i on ( J u m p a n d Penue l a s 2 0 0 5 ) . For example , i nc reased s u m m e r d r o u g h t 
m a y h a r m t h e r e g e n e r a t i o n of m a n y species a t the i r lower l a t i t ud ina l a n d 
a l t i tudina l d i s t r i bu t ion l imi ts (Richter et al. 2012) . Never the less , i n t r o d u c i n g 
m o r e d r o u g h t t o l e r a n t ind iv iduals to mi t iga te c l imate c h a n g e m i g h t no t 
necessar i ly b e successful d u e to t rade-offs b e t w e e n d r o u g h t t o l e r ance a n d g rowth 
plast ici ty. Ipomopsis flower n u m b e r a n d size are significantly r e d u c e d u n d e r 
d r o u g h t cond i t ions (Campbe l l a n d W e n d l a n d t 2013). T h e s e floral t r a i t s direct ly 
inf luence se lec t ion by po l l ina to rs a n d in t u r n t h e adap t ive a d v a n t a g e of d r o u g h t 
plast ici ty. 
High Altitude Mountain Plants 
T h e inf luence of global w a r m i n g on te r res t r ia l e cosys t ems h a s b e e n s h o w n 
to be g rea t e r in h igh m o u n t a i n reg ions t h a n in low la t i tude a r eas (Larche r e t al. 
2010) . T h e pro jec ted r a t e of global w a r m i n g in m o n t a n e e n v i r o n m e n t s is 
expec ted t o b e t h r e e t i m e s g rea te r t h a n the global average r a t e of w a r m i n g 
r eco rded d u r i n g t h e 2 0 t h cen tu ry (Gra tan i 2014). D i rnbock et al. (2011) 
hypo thes ized a r ap id inc rease of p l an t species at r isk of ex t inc t ion . Addi t ional ly , 
species-specif ic r e d u c t i o n in fitness a n d divers i ty could c h a n g e c o m m u n i t y 
dynamics b y modifying compet i t ive abilit ies. However , t h e r e is little i n fo rma t ion 
on adap t ive po ten t i a l in h igh a l t i tude m o n t a n e a reas . 
O n e of t h e p red i c t ed c o n c e r n s of global c l imate c h a n g e is t h e m o v e m e n t of 
p l an t species to h i g h e r e leva t ions a n d la t i tudes , following t h e shift in hab i t a t 
caused by c l imate ( J u m p a n d Penue las 2 0 0 5 ) . A d ras t i c dec rease in a species ' 
r ange o r even ex t inc t ion can b e the consequence of m ig ra t i on t o w a r d s h ighe r 
a l t i tudes . Rates a n d d y n a m i c s of t hese mig ra t ion p a t t e r n s will b e highly 
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d e p e n d e n t o n t h e h a b i t a t p re fe rences of par t i cu la r species a n d the i r funct ional 
t ra i t s (Gra tan i 2014) . S teep e n v i r o n m e n t a l g rad ien t s a n d p a t c h y d i s t r ibu t ion of 
hab i t a t s l ead t o smal l size a n d spat ia l isolat ion of popu la t i ons a n d res t r ic t gene 
flow in Poa alpine (Stocklin e t al. 2 0 0 9 ) . Species wi th large adap t ive capaci t ies 
m a y pers i s t in t he i r c u r r e n t a r e a s if t hey have t h e abil i ty t o w i t h s t a n d 
e n v i r o n m e n t a l c h a n g e s (L inder et al. 2010) . However , h igh a l t i t ude p lan t s , such 
as Ipomopsis spp., a r e par t icu lar ly vu lnerab le to ex t inc t ion in t h e w a k e of 
c o n t e m p o r a r y c l imate change . 
Plasticity a n d T a x o n o m i c Issues 
Plast ici ty can also have a m o r e app l ied p u r p o s e in sys temat i c s a n d 
t a x o n o m y by cor rec t ing inaccu ra t e s y n o n y m s a n d classif icat ions. Highly plast ic 
geno types have often b e e n cons ide red different species ( W h i t m a n a n d Agrawal 
2 0 0 9 ) . Th is is especial ly p rob l ema t i c w h e n env i ronmen ta l l y i n d u c e d p h e n o t y p e s 
a re confused as d is t inc t species (Uvarov 1966, W h i t m a n a n d Agrawal 2 0 0 9 ) . For 
example , m o r e t h a n 27 d ive rgen t p h e n o t y p e s of Ipomopsis aggregata we re 
previously a s s igned species s t a tu s (Aldridge 2 0 0 5 ) . I naccu ra t e species 
ident i f icat ion or fai lure to recognize pheno typ ic plast ici ty can o b s t r u c t bas ic 
research . 
Forecasting Invasion 
U n d e r s t a n d i n g t h e l imi ta t ions of pheno typ i c plast ici ty h a s t h e po ten t i a l to 
aid in t h e p red ic t ion of invasive species a d v a n c e m e n t by identifying a r eas t h a t a re 
par t icu lar ly suscep t ib l e to invas ion a n d by he lp ing pr ior i t ize ecosys t ems a n d the i r 
b io ta . M e a s u r i n g p h e n o t y p i c plast ici ty may he lp us forecast e s t a b l i s h m e n t a n d 
s p r e a d of invas ive species ( M u t h a n d Pigliucci 2 0 0 7 , Peacor et al. 2 0 0 6 ) , aid 
conse rva t ion (Davis a n d S t a m p s 2 0 0 4 ) , a n d he lp us u n d e r s t a n d t h e 
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c o n s e q u e n c e s of e n v i r o n m e n t a l d i s rup t ion ( B r a d s h a w a n d Holzapfel 2 0 0 6 , 
H e n d r y et al. 2 0 0 8 ) . Differential plast ic r e sponses a m o n g in t e rac t ing species may 
a l ter ecosys tem in te rac t ions (Visser et al. 2 0 0 6 ) . S tudy ing plast ici ty, therefore , 
may i m p r o v e e n v i r o n m e n t a l m o n i t o r i n g (Lee et al. 2 0 0 6 , W h i t m a n a n d Agrawal 
2 0 0 9 ) . Fo r e x a m p l e , he rb ivo re a t t ack often i nduces a p las t ic de fense r e s p o n s e in 
p lants , inc lud ing t h e re lease of novel volatile c o m p o u n d s ( W h i t m a n a n d Agrawal 
2 0 0 9 ) . Different p l a n t taxa general ly re lease different volat i le b l e n d s . As such , 
sc ient is ts could m o n i t o r c o m m u n i t y s t ress levels by ana lyz ing t h e s e volat i le 
c o m p o u n d s in t h e local a t m o s p h e r e (DeMoraes et al. 2 0 0 4 ) . M o n i t o r i n g th i s 
r e sponse , a n d t h e r e su l t ing c o m p o u n d s can pred ic t e n v i r o n m e n t a l hea l th a n d 
suscept ibi l i ty to invas ion . 
Conclusion 
Despi te t h e inc reas ing n u m b e r of s tud ies on p h e n o t y p i c plast ici ty, 
ecologists have found t h a t d e m o n s t r a t i n g the costs a n d l imi ts of plast ic i ty is 
difficult (Val ladares et al. 2007). The s a m e could be said for phenotyp ica l ly 
adap t ive plast ici ty, wh ich is often over looked (Gianoli a n d Gonza lez -Teuber , 
2 0 0 5 ; G h a l a m b o r et al. 2 0 0 7 ) . In o rde r to l ea rn the c o n s t r a i n t s of plast ici ty, 
r e sea rch o n t h e r e l a t ionsh ips b e t w e e n gene express ion a n d p h e n o t y p e in 
conjunc t ion wi th physiological s tudies , a re n e e d e d to reveal t rade-offs a n d 
funct ional l imi ts (Van Kleunen a n d Fischer 2 0 0 5 ) . Pheno typ ic plast ic i ty 's 
inf luence on t h e survival of p l an t species in t h e face of global c l imate change is 
still largely u n k n o w n . 
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3 . P h e n o t y p i c P l a s t i c i t y : 
Introduction 
P h e n o t y p i c plast ic i ty is t he abili ty of a given geno type t o p r o d u c e different 
physiological or morpho log ica l p h e n o t y p e s in r e s p o n s e to different 
e n v i r o n m e n t a l c o n d i t i o n s ( B r a d s h a w 1965, Callaway e t al. 2 0 0 3 , F o r s m a n 2015). 
A given p lan t g e n o t y p e can exper ience different e n v i r o n m e n t a l cond i t i ons as a 
resul t of va r i a t ion in t h e ab io t ic e n v i r o n m e n t , va r ia t ion in t h e p r e s e n c e o r 
ident i ty of ne ighbors , o r va r ia t ion in c o n s u m e r p r e s s u r e (Cal laway et al. 2 0 0 3 ) . 
Ecologically i m p o r t a n t plast ic i ty s tud ies a i m to tes t g e n o t y p e s in a r ange of 
e n v i r o n m e n t s , b a s e d on n a t u r a l var ia t ion , a n d focus o n p h e n o t y p i c t r a i t s t h a t a re 
i m p o r t a n t to func t ion a n d fitness in t hose e n v i r o n m e n t s (Su l tan 2 0 0 4 ) . A l though 
the evo lu t ionary aspec t s of p h e n o t y p i c plast ic i ty in p l a n t s have b e e n extensively 
examined , we k n o w little a b o u t t h e consequences of plast ic i ty for ecological 
in t e rac t ions in p l a n t c o m m u n i t i e s (Bradshaw 1965, F o r s m a n 2015, M u r r e n et al. 
2015, Schl icht ing 1986, Su l tan 1987). 
As a rule, p l an t s a re highly plas t ic (Sul tan 2 0 0 4 ) . P l an t s c a n n o t m o v e a n d 
m u s t e n d u r e any a n d all cond i t ions exer ted by t h e e n v i r o n m e n t , w i t h o u t t h e 
possibi l i ty of f ind ing she l te r or escap ing enemies . Consequen t ly , p l an t s have 
evolved to b e p las t ic in t he i r physiology a n d deve lopmen t . Ind iv idua l s w i th in a 
species can vary great ly in size, chemical cons t i tuency , g r o w t h ra te , a l locat ion to 
different o rgans , a n d r e p r o d u c t i o n (Callaway et al. 2 0 0 3 ) . Plast ic r e s p o n s e s may 
be p e r m a n e n t once i nduced , relatively fixed for a given a m o u n t of t ime , o r m a y 
be d y n a m i c o n a scale of hours , as in the case of t h e i m p a c t of l ight o n 
pho tosyn the t i c c h e m i s t r y or he rb ivore effects on defense c h e m i s t r y (Baldwin 
1999, Pearcy 1999). Plast ici ty al lows an o r g a n i s m to a d a p t to va ry ing 
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e n v i r o n m e n t s , po ten t ia l ly a l lowing for an ideal p h e n o t y p e for every s i tua t ion , 
r a the r t h a n hav ing to se t t le for o n e p h e n o t y p e t h a t may b e h ighly a d a p t e d to o n e 
c i r cums tance b u t average in m o s t cond i t ions (Pigliucci 2001) . I m e a s u r e d floral 
a n d vegeta t ive t r a i t s in Ipomopsis spp. to eva lua te plast ici ty a long a n elevat ional 
cline. 
Phenotypic plasticity and the environment 
T h e e n v i r o n m e n t h a s two roles in t h e evo lu t ionary d e v e l o p m e n t of 
pheno typ i c plast ici ty. First , t h e e n v i r o n m e n t es tab l i shes t h e fitness funct ion, 
def ined as t h e r e l a t ionsh ip b e t w e e n t h e p h e n o t y p e of an ind iv idua l a n d fitness, 
w h e r e fitness is h o w well a geno type can p roduce offspring ( W h i t m a n a n d 
Agrawal 2 0 0 9 , M u r r e n e t al. 2015). For example , t h e e levat ional g rad ien t 
associa ted wi th Ipomopsis spp. a t Poverty Gulch, Colorado, cor re la tes roughly 
with soil mo i s tu r e , wh ich can significantly inf luence tota l flower n u m b e r a n d size 
(Campbel l a n d W e n d l a n d t 2013). Second, the e n v i r o n m e n t in te rac t s wi th p lan t 
d e v e l o p m e n t a l p roces se s a n d plays a role in d e t e r m i n i n g p h e n o t y p e (Sche iner 
1993, W h i t m a n a n d Agrawal 2 0 0 9 ) . For example , in Ipomopsis spp. specific leaf 
a rea a n d w a t e r use efficiency can vary d e p e n d i n g on the e n v i r o n m e n t d u r i n g 
d e v e l o p m e n t (Campbe l l a n d W e n d l a n t 2013). T h e e n v i r o n m e n t ' s inf luence on 
f i tness funct ion a n d d e v e l o p m e n t s h a p e s how we in t e rp re t t h e e n v i r o n m e n t ' s 
roles on p h e n o t y p i c plast ic i ty a n d h o w we refer to t hese impac t s . 
T h e r e a re t h r e e t e r m s t h a t refer to t h e effects t h e e n v i r o n m e n t h a s on 
pheno typ ic expres s ion : pheno typ i c plasticity, reac t ion n o r m , a n d cana l iza t ion . 
Phenotyp ic plast ic i ty refers to t h e genera l effect of the e n v i r o n m e n t has o n 
tangib le cha rac te r i s t i c express ion , whi le reac t ion n o r m refers t o a specific 
geno type e x p r e s s e d ac ross a r ange of e n v i r o n m e n t s (Sche iner 1993). Canal iza t ion 
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is t h e s u p p r e s s i o n of p h e n o t y p i c var ia t ion d u e to gene t ic or e n v i r o n m e n t a l 
d i s t u r b a n c e s ( P e l a b o n et al. 2 0 0 4 ) . For example , floral color can b e canal ized to 
a t t r ac t po l l ina to rs in special ized mutua l i s t i c re la t ionsh ips . Canal iza t ion is often 
t h o u g h t t o be t h e oppos i t e of plasticity; however , reac t ion n o r m s c a n b e canal ized 
(Pe labon et al. 2 0 0 4 ) . Plast ici ty is no t a genera l p r o p e r t y of a geno type , b u t is 
specific to a t ra i t or t ra i t complex ( F o r s m a n 2015, M u r r e n et al. 2015, Pe rk ins a n d 
J i n k s 1971). A given t ra i t may be plast ic in r e sponse to o n e e n v i r o n m e n t a l factor 
b u t n o t a n o t h e r (Sche ine r 1993). For example , flower m o r p h o l o g y m a y b e selected 
on by po l l ina to rs whi le SLA is selected on by UV rad ia t i on a n d w a t e r availabil i ty. 
U n d e r s t a n d i n g t h e difference b e t w e e n reac t ion n o r m s , cana l iza t ion a n d plastici ty 
is essent ia l to u n d e r s t a n d i n g how species r e s p o n d to e n v i r o n m e n t a l cond i t ions . 
Stimuli and Cues 
P h e n o t y p i c plast ici ty can be in i t ia ted by e i ther e n v i r o n m e n t a l s t imul i or 
cues. S t imul i a re c o m m o n e n v i r o n m e n t a l factors such as t e m p e r a t u r e or oxygen 
level t h a t direct ly d i s r u p t h o m e o s t a s i s or d e v e l o p m e n t in n o n - a d a p t i v e ways a n d 
a re often ha rmfu l . In con t ras t , cues a re general ly cons ide red to be specific 
e n v i r o n m e n t a l s ignals t h a t react to e n v i r o n m e n t a l change , s t imu la t e adap t ive 
plast ici t ies, a n d t e n d to b e beneficial s t imul i ( W h i t m a n a n d Agrawal 2 0 0 9 ) . 
Al though the cues t h a t t r igger pheno typ i c differences a re e n v i r o n m e n t a l , t h e 
ability to r e s p o n d to cues is genet ical ly b a s e d a n d can evolve u n d e r n a t u r a l 
select ion ( B r a d s h a w 1973). Genet ic var ia t ion in pheno typ i c plast ici ty is an 
ind ica tor of t h e po ten t ia l for r e sponse to select ion (Van T i e n d e r e n 1997). For 
example , k n o w i n g w h e t h e r or n o t a species has high gene t i c va r i a t ion in 
pheno typ i c plast ic i ty m a y he lp us p red ic t r e sponses to c h a n g i n g e n v i r o n m e n t a l 
factors. 
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Genetic Variation and Phenotupic Plasticity 
P h e n o t y p i c va r i a t ion is bel ieved to be t h e resul t of t h r e e factors : t h e 
g e n o m e , t h e effect of t h e e n v i r o n m e n t on the g e n o m e ( n o r m of reac t ion) a n d 
r a n d o m acc iden t s of d e v e l o p m e n t (Scheiner 1993, Z h a n g et al. 2012) . T h e la ter 
two p rocesses a re often confused. Phenotyp ic plast ici ty en ta i l s e n v i r o n m e n t a l l y 
m e d i a t e d d e v e l o p m e n t a l change . Deve lopmenta l acc iden t s enta i l c h a n g e s in 
deve lopmen ta l p a t h w a y s d u e to r a n d o m , in te rna l events . T h e s e two i n d e p e n d e n t 
p rocesses a re t ra i t a n d e n v i r o n m e n t specific (Schiener et al. 1993). However , 
s o m e excep t ions to th i s p a t t e r n have been showoi in Drosophila melanogaster 
(Sant iago et al. 1989, Sche iner 2014, W a d d i n g t o n 1961). Both env i r onmen ta l l y 
m e d i a t e d c h a n g e a n d deve lopmen ta l acc idents have t h e po ten t i a l t o inc rease a n d 
dec rease fitness a n d the re fore the po ten t i a l to m a k e p las t ic c h a n g e s adap t ive . 
Adaptive Plasticity 
M a n y e x a m p l e s of pheno typ i c plast ici ty a re clearly adap t ive , such as 
i m m u n e r e sponses , a n t i p r e d a t o r defenses , acc l imat iza t ion , d i apause , l i fe-history 
shifts, a n d d i spersa l (Lyyt inen et al. 2 0 0 4 , S c h m i d - H e m p e l 2 0 0 5 , W e s t - E b e r h a r d 
2 0 0 3 ) . However , t h e e n v i r o n m e n t can inf luence p h e n o t y p e s in complex ways, 
a n d it is of ten difficult to d e t e r m i n e w h e t h e r or no t a l te red p h e n o t y p e s a re 
beneficial o r adap t i ve (Pigliucci 2 0 0 5 , Van Kleunen a n d Fischer 2 0 0 5 , W h i t m a n 
a n d Agrawal 2 0 0 9 ) . Plast ici t ies a re u n d e r con t rad ic to ry select ive p r e s s u r e s (Sih 
2 0 0 4 ) a n d ca r ry n u m e r o u s expense s a n d tradeoffs (DeWit t et al. 1998, Fordyce 
2001, W h i t m a n a n d Agrawal 2 0 0 9 ) . For example , p l an t species t h a t a re 
polycarpal a n n u a l s deve lop in different t i m e pe r iods a n d select ive p res su res , i.e. 
cold cond i t i ons in ear ly g rowing season a n d h o t cond i t ions la te r in t h e g rowing 
season . M a n y t r a i t s m a y be changed by a single e n v i r o n m e n t a l factor, a n d n o t all 
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of these c h a n g e s can b e observed , inc luding m a n y complex physiological a n d 
e n v i r o n m e n t a l i n t e r ac t i ons a n d consequences (Agrawal 2 0 0 5 , Relyea 2 0 0 4 ) . T o 
u n d e r s t a n d adap t ive plast ici ty, o n e m u s t cons ide r benef i ts a n d cos t s of plast ic 
p h e n o t y p e s in several e n v i r o n m e n t s . Genet ic a n d e n v i r o n m e n t a l co r re la t ions are, 
t hemse lves , p las t i c t o t h e e n v i r o n m e n t (Piggliucci 2 0 0 5 ) . A pa r t i cu l a r p las t ic 
r e sponse m a y b e highly a d v a n t a g e o u s in o n e season a n d d e t r i m e n t a l in t h e next . 
A plast ic r e s p o n s e migh t , therefore , be evolut ionar i ly favored, a n d i n - t u r n 
m a i n t a i n e d in a popu la t i on , even if its express ion p r o d u c e s grea t fitness benefi ts 
only once every 10 yea r s ( W h i t m a n a n d Agrawal 2 0 0 9 ) . For example , fire can 
s t imu la t e g r a s s h o p p e r s to c h a n g e body color to black, which only affects 
popu la t i ons per iodical ly (Uvarov 1966). T h e s e select ion p r e s s u r e s can resu l t in 
e n h a n c e d r e s i s t ance to cer ta in s t resses by select ing a n d saving s t ress to l e ran t 
plast ic va r i a t ion in t h e g e n o m e unti l t he next select ion p r e s s u r e is p r e s e n t . 
Genetic Basis of Plasticity 
Genetical ly, plast ic i ty likely resu l t s from differences in allelic express ion 
across e n v i r o n m e n t s a n d to changes in in t e rac t ions a m o n g loci; plast ic i ty is no t 
necessar i ly a func t ion of heterozygosi ty (Scheiner 1993). T h e evolu t ion of 
plastici ty is m o d e l e d in t h r e e ways: ove rdominance , p le io t ropy, a n d ep is tas i s 
(Sche iner 1993) a n d these t h r ee mode l s are no t mutua l ly exclusive. N o mode l is 
perfect a n d each of t h e t h r e e mode l s have l imi ta t ions . 
Genetic Models 
Model 1: O v e r d o m i n a n c e . Plast ici ty is a funct ion of homozygos i ty 
(Dobzhansky 1947, Gillespie a n d Turell i 1989, Lerner 1954). Th is mode l a s s u m e s 
t h a t t h e a m o u n t of c h a n g e in p h e n o t y p e s across e n v i r o n m e n t s is a dec reas ing 
funct ion of t h e n u m b e r of he te rozygous loci. This mode l is t he m o s t explicit wi th 
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regard to t h e gene t i c m e c h a n i s m under ly ing plast ici ty (Sche iner 1993). Few da t a 
s u p p o r t th i s mode l . Mos t expe r imen ta l s tud ies have found n o r e l a t ionsh ip 
b e t w e e n he te rozygos i ty a n d a m o u n t of plastici ty (Campbel l e t al. 2 0 0 5 ) . Al though 
th is mode l is no t very appl icable to expe r imen ta l s tudies , t h e s impl i f icat ion of 
t hese m e c h a n i s m s is i m p o r t a n t to clarify o u r u n d e r s t a n d i n g of t h e m o d e l s t h a t d o 
work a n d the i r or ig in . 
Mode l 2: Ple io t ropy. Plasticity is a funct ion of differential exp res s ion of t h e 
s a m e gene in different e n v i r o n m e n t s ( F o r s m a n 2015, Sche ine r 1993). This mode l 
a s s u m e s t h a t t h e express ion of an allele in one e n v i r o n m e n t is potent ia l ly 
i n d e p e n d e n t of its express ion in a different e n v i r o n m e n t . I n a n e x t r e m e vers ion 
of th is mode l , al leles a re expressed in only o n e e n v i r o n m e n t (Pigliucci 2 0 0 3 ) . 
Th is mode l is s u p p o r t e d by m a n y s tudies . Changes in t h e expres s ion of s ingle 
genes a re well k n o w n . For example , hea t shock genes b e c o m e expres sed a t high 
t e m p e r a t u r e s (Pigliucci 2 0 0 5 , Sche iner 1993). By hypothes iz ing t h a t t h e var ia t ion 
of p h e n o t y p i c plast ic i ty is a funct ion of t h e s a m e gene, o n e could a c c o u n t for 
var ia t ion in t h e e n v i r o n m e n t to d e t e r m i n e t h e r ange of plast ic i ty for t h e 
m e n t i o n e d gene . Th i s m a y be over simplifying complex r e l a t i onsh ips a m o n g 
biot ic a n d abio t ic s t i m u l a n t s a n d the i r assoc ia ted geno types a n d p h e n o t y p e s . 
Model 3 : Epis tas is . Th is mode l s t a tes tha t plast ic i ty is d u e to g e n e s t h a t 
d e t e r m i n e t h e deg ree of r e s p o n s e to e n v i r o n m e n t a l effects, wh ich in te rac t wi th 
genes t h a t d e t e r m i n e t h e average express ion of t h e cha rac t e r ( F o r m a n 2015, 
Sche iner 1993). Th is m o d e l a s s u m e s tha t the t ra i t m e a n a n d t h e t ra i t plast ic i ty 
are potent ia l ly i n d e p e n d e n t cha rac t e r s (Scheiner 1993). Like p le io t ropy, epis tas is 
h a s received wide s u p p o r t ( F o r m a n 2015, Sche iner 1993). Specifically, wi th t h e 
single gene effect, t h e b e s t examples a re changes in t h e expres s ion of regula tory 
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genes (Sche ine r 1993). In con t r a s t to Model 2, th i s mode l sugges t s t h a t regula tory 
genes a re t h e l imi t ing factor to pheno typ ic express ion . However , m u c h of t h e 
s u p p o r t for th i s m o d e l h a s only looked at single regula tory genes , which is a great 
s tep t o w a r d s revea l ing t h e m e c h a n i s m s b e h i n d mul t ip le gene in te rac t ions . 
T h e s e t h r e e m o d e l s have the i r o w n l imi ta t ions a n d only two of t h r e e are 
s u p p o r t e d by s u b s t a n t i a l ev idence ( F o r m a n 2015, Sche iner 1993). However , t hese 
mode l s m a y be t oo n a r r o w because they only cons ide r o n e gene t ic mode l , while 
mode l s of t h e evo lu t ion of pheno typ i c plast ici ty need to accoun t for bo th epis ta t ic 
a n d p le io t ropic effects (Campbel l 2 0 0 5 , Campbe l l e r a / . 2 0 0 5 , F o r m a n 2015, 
Sche iner 1993). 
Why is plasticity important? 
P h e n o t y p i c plast ic i ty e x p a n d s the gene -cen te r ed evo lu t iona ry theo ry 
( W h i t m a n a n d Agrawal 2 0 0 9 ) . W h a t was once accep ted as b a c k g r o u n d noise is 
n o w widely acknowledged as potent ia l ly adapt ive . For t h e first half of t h e 20 t h 
cen tury , sc ient i s t s v iewed evolu t ion pr imar i ly as a m u t a t i o n a l p rocess t h a t d rove 
var ia t ion , whi le t h e e n v i r o n m e n t selected p h e n o t y p e s ( W h i t m a n a n d Agrawal 
2 0 0 9 ) . However , th i s is no t an accura te view because m u t a t i o n s a re cons iderab ly 
ra re a n d often de le t e r ious ( W e s t - E b e r h a r d 2 0 0 3 , W e s t - E b e r h a r d 2 0 0 5 ) . O n e 
e n v i r o n m e n t a l factor m a y a l ter the p h e n o t y p e s of a whole p o p u l a t i o n , se lect ing 
on p e r h a p s t h o u s a n d s of individuals t h a t have a l ready exp res sed p h e n o t y p e s 
based on exis t ing e n v i r o n m e n t a l condi t ions , r a t h e r t h a n o n a s ingle m u t a n t 
individual . 
C h a n g i n g e n v i r o n m e n t s can potent ia l ly inf luence a d ivers i ty of t r a i t s t h a t 
a re no t genet ical ly l inked . These could be r e a r r a n g e d in a novel c l imate , a l lowing 
for new p h e n o t y p e s to occur every year . Recur rence of a novel p h e n o t y p e a m o n g 
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large n u m b e r s of ind iv idua ls t h a t vary in n u m e r o u s genet ic , pheno typ ic , a n d 
e n v i r o n m e n t a l charac te r i s t i c s p rov ides ideal cond i t ions for se lec t ion ( W h i t m a n 
a n d Agrawal 2 0 0 9 ) . However , se lect ion c a n n o t act on a t r a i t if t h a t t r a i t is no t 
exposed to a s t i m u l u s or cue. By c rea t ing novel c o m b i n a t i o n s of p h e n o t y p i c t ra i ts , 
t h e e n v i r o n m e n t p r o d u c e s n e w p h e n o t y p e s for se lect ion. This p roces s is bel ieved 
to lead t o adap t i ve p h e n o t y p i c plastici ty tha t we see today , a n d even to t h e 
gene ra t i on of n e w species ( d e J o n g 2 0 0 5 , Fordyce 2 0 0 6 , Schl icht ing 2 0 0 4 , Wes t -
E b e r h a r d 2 0 0 3 ) . 
Tradi t iona l ly , t h e e n v i r o n m e n t was t h o u g h t to play a s ingle role in 
evo lu t ionary theory : se lect ing genetical ly p r o d u c e d var ia t ion . However , w h e n 
cons ide r ing p h e n o t y p i c plasticity, t he e n v i r o n m e n t a s s u m e s a n e w role, c rea t ing 
pheno typ ic var ia t ion a n d select ing on tha t var ia t ion . This i nnova t ion e levates 
pheno typ ic plast ic i ty to a d o m i n a n t pos i t ion in evo lu t ionary t h e o r y (Wes t -
E b e r h a r d 2 0 0 3 ) P h e n o t y p i c plastici ty also inf luences the d e b a t e on n a t u r e vs. 
n u r t u r e by affecting var ia t ion , because it c o m b i n e s the two concep t s . Merg ing t h e 
inf luences genes a n d t h e e n v i r o n m e n t have o n p h e n o t y p e s r educes t h e 
d i c h o t o m y of n u r t u r e a n d n a t u r e . Thus , genes a n d gene activit ies c a n n o t be 
s epa ra t ed f rom d i rec t e n v i r o n m e n t a l influence, a n d m o s t t r a i t s r e p r e s e n t a gene-
b y - e n v i r o n m e n t in te rac t ion . This a w a r e n e s s elevates the funct ion of t h e 
e n v i r o n m e n t in gene expres s ion a n d deve lopmen t , a n d t h e role of d e v e l o p m e n t 
in evolut ion , a n d is par t ia l ly accoun tab le for t h e recen t su rge in evo lu t ionary 
deve lopmen ta l biology (Brakefield a n d F rench 2 0 0 6 , Su l tan 2 0 0 7 ) . 
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When is plasticity favorable? 
Plastici ty is favorable in var iab le e n v i r o n m e n t s u n d e r t w o cond i t ions . 
First , if t h e e n v i r o n m e n t a l variabi l i ty is cons is ten t across l a n d s c a p e s a n d reliable, 
ind iv iduals can express t h e a p p r o p r i a t e p h e n o t y p e in each e n v i r o n m e n t . 
Secondly, p las t ic i ty is favorable w h e n t he r e a re costs to hav ing canal ized 
p h e n o t y p e s t h a t d o n o t fit in all e n v i r o n m e n t s of a species ' s r ange . Special izat ion 
is favored over plast ic i ty w h e n these c i r cums tances a re no t m e t a n d w h e n t h e r e 
are costs t h a t l imi t species r anges (Dorn et al. 2 0 0 0 , Relyea 2 0 0 2 , Su l t an 1995, 
Van T i e n d e r e n 1997). Because individual geno types have t h e capaci ty for 
adap t ive d ivergence , plast ici ty in p lan t s shou ld e x p a n d ecological r anges a n d 
reduce t h e i m p a c t of se lec t ion (Mazer a n d Schick 1991, Su l t an 1995). Plast ici ty 
h a s b e e n s h o w n to inc rease f i tness in mul t ip le e n v i r o n m e n t s , e x p a n d n iche 
b r e a d t h a n d inc rease r ange size (Pigliucci et al. 2 0 0 6 , Price et al. 2 0 0 5 , 
Schl icht ing 2 0 0 4 , ) . Plast ic species can also potent ia l ly inc rease survival after 
na tu ra l d i s a s t e r s a n d avoid ext inct ions , because plast ici ty w o u l d a l low species 
t h a t have a l ready surv ived t h r o u g h these exper iences to b e a d a p t e d for fu ture 
c a t a s t rophes (Schl icht ing 2 0 0 4 ) . For example , Ipomopsis can surv ive d r o u g h t 
cond i t ions in yea r s wi th little snowpack by hav ing a va r i a t ion in w a t e r - u s e 
efficiency inf luenced by t h e e n v i r o n m e n t . Favorabil i ty can be also increased , 
because p h e n o t y p i c plast ic i ty c rea tes a l o n g - t e r m s t ra tegy for evo lu t iona ry 
pers i s tence . Plas t ic ind iv idua ls may p ro tec t genet ic diversi ty , a l lowing divers i ty to 
be s to red , only to b e exp res sed la ter , u n d e r specific cond i t ions (Schl icht ing 2 0 0 4 , 
Suzuki a n d Ni jhout 2 0 0 6 ) . 
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Evolution of plasticity 
Poten t ia l p a t h w a y s for t h e evolut ion of adap t ive plast ic i ty a re t h r o u g h 
suscept ibi l i ty , "non- func t iona l" gene t ic mater ia l , a n d e x t r e m e e n v i r o n m e n t a l or 
b iochemica l c o n d i t i o n s ( W h i t m a n a n d Agrawal 2 0 0 9 ) . In t h e first scenar io , an 
e n v i r o n m e n t a l var iab le i n t e r r u p t s physiological h o m e o s t a s i s a n d d e v e l o p m e n t , 
c rea t ing n e w t ra i t s a n d n e w t ra i t values , a n d r e a r r a n g i n g p h e n o t y p e s to p r o d u c e 
novel t ra i t c o m b i n a t i o n s (Eshel a n d Matess i 1998). Mos t o r g a n i s m s c o n t a i n large 
a m o u n t s of "non- func t iona l" genet ic mate r ia l in the i r g e n o m e s . T h e s e genes a re 
normal ly r ep re s sed via gene t ic canal iza t ion. Conversely, e x t r e m e e n v i r o n m e n t a l 
or b iochemica l cond i t i ons may d i s rup t gene repress ion , a l lowing t h e expres s ion 
of h i d d e n g e n e s a n d novel pheno types , whi le r educ ing expres s ion of o t h e r s 
( W h i t m a n a n d Agrawal 2 0 0 9 ) . Al though s o m e c h a n g e s a re beneficial , m o s t a re 
p robab ly no t . Recu r r ence a n d select ion wou ld t h e n ad jus t t h e r egu la t ion of gene 
express ion a n d select for gene c o m b i n a t i o n s t h a t p r o d u c e inc reased cana l iza t ion 
or adap t ive plast ic i t ies ( W h i t m a n a n d Agrawal 2 0 0 9 ) . Plast ici t ies assoc ia ted wi th 
abiot ic factors such a s e levat ional cline may have evolved th is way. 
Plast ici ty could also evolve w h e n a previously exis t ing plas t ic gene c o m e s 
to serve a n e w funct ion, potent ia l ly induced by a different cue, o r a shift in its 
express ion . For example , b iochemica l plast ic i ty can evolve to p r o d u c e 
morpholog ica l plast ic i ty ( E m l e n et al. 2 0 0 6 ) . Likewise, plast ic i ty could evolve 
after hybr id iza t ion of two popu la t ions , each of which has evolved different fixed 
p h e n o t y p e s ( W h i t m a n a n d Agrawal 2 0 0 9 ) . In th is case, t h e hyb r id p o p u l a t i o n 
a l ready h a d t h e abil i ty to p r o d u c e bo th p h e n o t y p e s a n d only n e e d e d to connec t 
differential r e p r o d u c t i o n to t h e e n v i r o n m e n t . T h e evolu t ion of n e w p h e n o t y p e s 
does n o t r equ i r e t h e evolu t ion of n e w gene complexes , b u t only t h e r e p a t t e r n i n g 
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of a l ready exis t ing gene t i c mate r ia l a n d ep igene t ic in t e rac t ion ( E m l e n et al. 2 0 0 6 , 
Schl icht ing a n d Pigliucci 1998, Suzuki a n d Ni jhout 2 0 0 6 ) . S u b s e q u e n t 
evo lu t ionary loss of flexibility can p e r m a n e n t l y canal ize t h e t ra i t . Consequen t ly , a 
plast ic t ra i t can b e c o m e s u b s u m e d in to t h e g e n o m e as a canal ized t ra i t . 
S tudy ing plast ic i ty is i m p o r t a n t for my resea rch b e c a u s e o n e of t h e m a i n 
ques t ions I ask is to w h a t ex ten t is floral a n d vegeta t ive t r a i t va r i a t ion b a s e d on 
plastici ty or on gene t i c va r ia t ion? By s tudy ing these re la t ionsh ips I can apply my 
resul ts as p r e l i m i n a r y da t a a n d begin to predic t how these p l a n t s will be able to 
survive p red i c t ed c l imate change e n v i r o n m e n t s , i nc reased CO2 c o n c e n t r a t i o n s 
a n d UV rad ia t ion . By c o m p a r i n g plast ic var ia t ion b e t w e e n years , o n e can 
m e a s u r e l imi t a t ions of plast ici ty. However , th is can be ex t r eme ly t i m e - c o n s u m i n g , 
cons ide r ing t h a t g e n e r a t i o n t i m e can vary b e t w e e n 2 a n d 12 yea r s . Th is sys tem, 
o n t h e o t h e r h a n d , h a s grea t po ten t ia l for s tudy ing var ia t ion in plast ic i ty at t he 
popu la t ion level f rom yea r to year , uncover ing floral t ra i t va r i a t ion t h a t migh t no t 
be exp res sed every year , b e c a u s e only a fraction of each p o p u l a t i o n b l o o m s in any 
given year . O n e can gain a be t t e r u n d e r s t a n d i n g of plast ici ty by e x p a n d i n g my 
s tudy of t h e 12 Pover ty Gulch popu la t i ons by m e a s u r i n g all ind iv idua l s in t h e 
popu la t ions , r a t h e r t h a n a subse t . Outs ide the Ipomopsis sys t em, a l o n g - t e r m 
s tudy of plast ic i ty of funct ional t ra i t s a n d / o r conse rved DNA, can e x p a n d the 
gene -cen te r ed evo lu t ionary theo ry ( W h i t m a n a n d Agrawal 2 0 0 9 ) . Th is e x p a n s i o n 
is b a s e d on t h e idea t h e e n v i r o n m e n t can dr ive var ia t ion a n d t h e n select u p o n 
cer ta in p h e n o t y p e s , a l lowing non- l inked t ra i t s to be r e a r r a n g e d in novel c l imate 
condi t ions , p r o d u c i n g n e w p h e n o t y p e s for select ion. 
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4 . H y b r i d Z o n e s : 
Introduction to Hybrid Zones 
Hybr id iza t ion occurs w h e n two s e p a r a t e species co-occur , a re ab le to 
r e p r o d u c e successfully. T h e s e offspring are k n o w n as hybr ids . No t all hyb r id s a re 
fertile a n d able to r e p r o d u c e wi th each o t h e r or p a r e n t a l species . However , m a n y 
species can r e p r o d u c e viable offspring. Na tura l hybr id iza t ion is fairly c o m m o n in 
a n g i o s p e r m s , occu r r ing in app rox ima te ly 6 -22% of all species (Campbe l l 2 0 0 3 ) . 
Hybr id zones c a n occur a s resu l t of a n u m b e r of scenar ios , wh ich inc lude a s tab le 
hybr id zone, t h e evo lu t ion of a n e w hybr id species, ongo ing spec ia t ion o r t h e 
b r e a k d o w n of r ep roduc t i ve isola t ion after p r i m a r y d ivergence (Bar ton a n d Hewi t t 
1985, Buggs 2 0 0 7 , Campbe l l a n d W e n d l a n d t 2013, Campbe l l et al. 2 0 0 8 ) . 
Hybr ids have t h e po ten t i a l to i n t roduce new gene t i c var ia t ion in to a p o p u l a t i o n 
t h a t can ease a d a p t a t i o n to chang ing abiot ic cond i t ions . Hybr id iza t ion r a t e s can 
vary b e t w e e n zones of s y m p a t r y because of var ia t ion in local ab io t ic a n d biot ic 
factors (Aldr idge a n d Campbel l 2 0 0 9 , Campbel l a n d W e n d l a n d t 2013, Kirk et al. 
2 0 0 5 ) . C o m p a r i n g t h e fitness of hybr ids to the i r pa ren t a l spec ies can unvei l a 
g rea t deal of i n fo rma t ion abou t t h e m e c h a n i s m s of spec ia t ion . In o r d e r to 
specia te , d ive rgen t n a t u r a l select ion, or r educed fi tness in i n t e r m e d i a t e 
p h e n o t y p e s or hyb r id s m u s t resul t in reproduc t ive isola t ion (Campbe l l 2 0 0 3 ) . 
The relat ive fitness of hyb r id s a n d the i r pa ren t a l species h a s b e e n u s e d to deve lop 
mode l s t o p red ic t a n d expla in genet ic different iat ion ac ross hybr id zones 
(Campbel l 2 0 0 3 ) . C o m p a r i n g zones of sympa t ry of closely re la ted species has the 
po ten t ia l to reveal complex isolat ing m e c h a n i s m s , which inc ludes i so la t ion b a s e d 
on e n v i r o n m e n t a l he te rogene i ty in zones on sympa t ry (Aldr idge a n d Campbe l l 
2 0 0 9 ) . Na tu r a l hybr id iza t ion b e t w e e n closely re la ted species can r e p r e s e n t 
34 
contac t after a p r i m a r y d ivergence event a n d uncove r i n fo rma t ion a b o u t t h e 
evolut ion of r ep roduc t ive isola t ion a n d the under ly ing m e c h a n i s m s dr iv ing 
successful r e p r o d u c t i o n a n d isolat ion. However , differences in e n v i r o n m e n t a l 
cond i t ions b e t w e e n or ig inal a n d s u b s e q u e n t pe r iods of d ive rgence a n d m a y also 
inf luence hybr id i za t ion ra te . 
How to Test Hybrid Zone Dynamics 
In o r d e r to tes t hyb r id dynamics , o n e needs to assess t h r e e key e l emen t s : 
hybr id fi tness, fitness t h r o u g h o u t life history, a n d fitness b e t w e e n p a r e n t a l a n d 
hybr id g e n e r a t i o n s . F i tness is a m e a s u r e of h o w well a geno type can p r o d u c e 
offspring t o t h e next gene ra t i on . As s ta ted previously, c o m p a r i n g hyb r id fitness to 
pa ren t a l species is i nhe ren t l y i m p o r t a n t , as is m e a s u r i n g hyb r id fitness in 
mul t ip le e n v i r o n m e n t s . By m e a s u r i n g fitness wi th in e n v i r o n m e n t s , we can l ea rn 
w h e t h e r fitness var ies a m o n g popu la t i ons or if is in t r insical ly low. T e m p o r a l 
va r ia t ion in fitness a n d fitness b e t w e e n isolat ing a n d merg ing pe r iods a r e also 
i m p o r t a n t b e c a u s e s h o r t - t e r m fi tness m e c h a n i s m s could va ry f rom l o n g - t e r m 
fitness. Eva lua t ing hyb r id fitness a m o n g classes can also b r i n g ins ight to isola t ion 
factors. Hybr id c lasses inc lude F i a n d F2 gene ra t ion hybr ids , as well as hybr ids 
wi th or ig ins of different sex c o m b i n a t i o n s of each p a r e n t a l species . 
How and why do hybrid zones occur? 
Hybr id iza t ion in n a t u r a l popu la t i ons can have a var ie ty of evo lu t ionary 
ou t comes . T h e s e inc lude , b u t a re no t l imi ted to s tabi l iz ing hybr id zones , merg ing 
of s e p a r a t e t axa i n to a s ingle species, re inforcing of species dif ferent ia t ion, a n d 
c rea t ing a n e w hybr id species (Campbel l et al. 2 0 0 8 , H a r r i s o n a n d H a r r i s o n 
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1993> Kirk e t al. 2 0 0 5 ) . T h e resu l t ing o u t c o m e of hybr id iza t ion largely d e p e n d s 
on hybr id fitness c o m p a r e d to t h a t of pa ren t a l species (Campbe l l et al. 2 0 0 8 ) . 
The re a re t h r e e genera l hybr id zone s t ruc tu re s tha t a re accep ted by theore t ica l 
a n d empi r ica l evo lu t ionary biologists : t ens ion zones (Moore , 1977), b o u n d e d 
hybr id supe r io r i t y z o n e s ( H a r r i s o n 1986) a n d m o s a i c z o n e s (Buerk le a n d 
Rieseberg 2001 , H o w a r d 1986, Kirk et al. 2 0 0 5 ) . Mode l s u s e d to descr ibe a n d 
pred ic t hyb r id zones a r e often based on hybr id fi tness; however , o t h e r mode l s a re 
s t rongly inf luenced by e n v i r o n m e n t a l cond i t ions (Ande r son 1948, Arno ld 1997, 
Endle r 1977). 
T h e t ens ion zone mode l a s s u m e s tha t hybr ids have an in t r ins ic r e d u c e d 
viability or s ter i l i ty owing t o defects caused by negat ive in t e r ac t ions b e t w e e n 
genes f rom p a r e n t a l spec ies (Abbot t a n d B r e n n a n 2014, Bar ton a n d Hewi t t 1985, 
Campbe l l e t al. 2 0 0 8 , Kirk et al. 2 0 0 5 ) . Here , select ion aga ins t hyb r id s 
i n d e p e n d e n t f rom these gene t ic incompat ib i l i t ies a n d hybr id zones a re p r imar i ly 
l imi ted to t h e clinal t r a n s i t i o n b e t w e e n pa ren t a l species (Abbot t a n d B r e n n a n 
2014, Campbe l l 2 0 0 8 ) . Th is mode l does no t fit t h e Ipomopsis p o p u l a t i o n s a t 
Pover ty Gulch, Colorado (Campbel l 2 0 0 8 ) . 
T h e b o u n d e d hybr id super io r i ty mode l c a n b e i l lus t ra ted b y a s m o o t h 
t r ans i t i on b e t w e e n p a r e n t a l species , b a s e d on e n v i r o n m e n t a l cond i t i ons (Kirk et 
al. 2 0 0 5 ) . Th is mode l a s s u m e s a h igher fitness in hybr id ind iv idua ls in 
i n t e r m e d i a t e e n v i r o n m e n t s , b u t lower fitness in pa ren t a l e n v i r o n m e n t s (Abbot t 
a n d B r e n n a n 2014) . Species pa i rs t h a t fit b o u n d e d hybr id super io r i ty mode l s 
t e n d to be found a t eco tones , at t he t r ans i t ion b e t w e e n e n v i r o n m e n t a l l y d is t inct 
hab i t a t s (Abbot t a n d B r e n n a n 2 0 i 4 ) . T h e Ipomopsis p o p u l a t i o n s u s e d in my 
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e x p e r i m e n t s r e s e m b l e t h e b o u n d e d hybr id super ior i ty mode l , t o s o m e ex ten t , 
because t h e hyb r id zone exis ts in t h e eco tone w h e r e h igh m o n t a n e m e a d o w s m e e t 
with rocky shale . 
T h e m o s a i c hyb r id zone mode l selects hybr ids b a s e d o n b o t h e n v i r o n m e n t 
a n d p a r e n t a l g e n o t y p e f requencies . This mosa ic mode l is r e p r e s e n t e d by a n 
a s s o r t m e n t of d i s t r i bu t ed e n v i r o n m e n t s s p r e a d wi th in t h e zone of s y m p a t r y 
(Abbot t a n d B r e n n a n 2014) . Th is mode l does no t r ep re sen t t h e Ipomopsis sy s t em 
I s tud ied , b e c a u s e t h e hybr id zone gradual ly var ies b e t w e e n h a b i t a t s a n d is no t an 
a s s o r t m e n t of d i s t r i bu t ed e n v i r o n m e n t s . 
In s o m e ins tances , species like hybr idiz ing Ipomopsis, have different 
pol l ina tors , b u t po l l ina to r preference is no t sufficient to p r e v e n t hybr id iza t ion 
f rom occur r ing . However , m o s t s t u d y sys t ems t h a t fit t h e b o u n d e d hybr id 
super ior i ty m o d e l s have genera l i s t po l l ina tors or a re w ind po l l ina ted (Abbot t a n d 
B r e n n a n 2014) . Across m a n y species pairs , t he m o s t influential abiot ic factors 
t h a t select hyb r id s a long a l t i tud ina l g rad ien t s are t e m p e r a t u r e a n d soil mo i s tu re . 
T e m p e r a t u r e is par t icu la r ly var iab le in a l t i tud ina l g r ad i en t s d u e a i r ' s abil i ty to 
re ta in hea t in t h i n n i n g c o n c e n t r a t i o n s at inc reas ing a l t i tudes . Soil m o i s t u r e a lso 
can vary cons ide rab ly a long a l t i tudina l g rad ien t s in e n v i r o n m e n t s t h a t inc lude 
bo th flatlands a n d s t eep m o u n t a i n o u s cliffs. 
T h e Ipomopsis s t u d y mode l does no t fall neat ly in to any of t h e t h r e e mode l s 
previously desc r ibed . Ipomopsis exhibi ts a s m o o t h clinal c h a n g e in 
morpholog ica l charac ter i s t ics , b u t is no t res t r ic ted by t h e hyb r id super io r i ty n o r 
the t ens ion zone m o d e l s (Abbot t a n d B r e n n a n 2014) . Classifying species pa i r s 
in to o n e of t h e s e t h r e e mode l s is exceedingly difficult because se lec t ion on 
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individual t r a i t s var ies d e p e n d i n g on plastici ty i nduced by local e n v i r o n m e n t s 
a n d may o b s c u r e gene t i c var ia t ion b a s e d on t ra i t m e a s u r e m e n t s . 
Hybrid Models 
I a m par t i cu la r ly i n t e r e s t ed in clinal hyb r id zones b e c a u s e Ipomopsis p l a n t s 
exist a long a n e levat ional cl ine a n d s o m e of the i r funct ional t r a i t s a r e s p r e a d ou t 
a long th is cl ine. Theore t i c i ans have p r o p o s e d at least five m o d e l s to desc r ibe 
clinal hybr id zones : the hybr id d i sadvan tage mode l , t h e e n v i r o n m e n t a l cline, 
hybr id advan tage , neu t r a l diffusion, a n d advanc ing wave ( M o o r e 1977). T h e 
hybr id d i s a d v a n t a g e mode l sugges ts t ha t t h e cline favors t h e two p a r e n t a l fo rms 
d u e to n a t u r a l se lec t ion , i n d e p e n d e n t of e n v i r o n m e n t a n d g e n e flow (Bar ton a n d 
Bengtsson 1986). M o r e specifically, th i s mode l is b a s e d on t h e idea t h a t F2 
gene ra t i on hybr id s will exhibi t r educed fi tness because of gene t i c 
incompat ib i l i t i es t h a t s t e m from homozygous m u t a n t loci t h a t evolved in 
a l lopatr ic p o p u l a t i o n s a n d have no t been selected to funct ion t o g e t h e r (Campbel l 
et al. 2 0 0 8 , Campbe l l e t al. 1997, Buerkle a n d Rieseberg 2001) . T h e 
e n v i r o n m e n t a l cl ine mode l p r o p o s e s t h e select ion of cer ta in alleles a t o n e l imi t of 
t h e cline a n d a n o t h e r allele a t t he oppos ing e n d of t h e cl ine (Campbe l l et al. 
1997). T h e hyb r id a d v a n t a g e m o d e l sugges t s hyb r id s h a v e a select ive a d v a n t a g e 
in a rea of s y m p a t r y (Buerk le a n d Rieseberg 2001 , Campbe l l et al. 1997). T h e 
neu t r a l diffusion mode l p r o p o s e s the fo rmat ion of a cl ine t h r o u g h t h e 
c o m b i n a t i o n of n e u t r a l al leles after secondary pa ren t a l con tac t (Campbe l l et al. 
1997). Lastly, t h e a d v a n c i n g wave mode l sugges t s a selective a d v a n t a g e of o n e 
s p r e a d i n g pa ren t a l species (Campbel l et al. 1997). Fi t t ing a hybr id sys t em into 
one of t h e s e s m o d e l s m a y over simplify t h e sys t em a n d m a k e a s s u m p t i o n s . 
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However , app ly ing mode l s to t hese sys t ems provides con tex t for a c o m p a r i s o n of 
hybr id zones . 
What Can Hybrid Models Teach Us? 
By s tudy ing hybr id iza t ion ra tes , o n e can l ea rn a b o u t t ra i t d i s t r ibu t ion . In 
a r ea s wi th a d e q u a t e hybr id iza t ion , zones of sympa t ry often c o n t a i n ind iv iduals 
wi th charac te r i s t i cs i n t e r m e d i a t e b e t w e e n the i r p a r e n t a l species , f requent ly 
express ing a u n i m o d a l d i s t r ibu t ion of t hese charac te r i s t ics (Aldridge a n d 
Campbel l 2 0 0 9 ) . In a r e a s of low hybr id iza t ion , zones of s y m p a t r y often s h o w a 
b i m o d a l d i s t r ibu t ion , wi th ind iv iduals express ing pa ren t a l type charac te r i s t i cs 
a n d few ind iv idua l s wi th i n t e r m e d i a t e charac ter i s t ics (Aldr idge a n d Campbel l 
2 0 0 9 ) . T h e s e charac te r i s t i cs can be physiological , morpho log ica l a n d genet ic 
(Aldridge a n d Campbe l l 2 0 0 9 ) . U n d e r s t a n d i n g t ra i t d i s t r i bu t ions is essent ia l to 
u n d e r s t a n d i n g t h e e n v i r o n m e n t a l cond i t ions t h a t caused a species to d iverge a n d 
the resu l t ing r a n g e s to r e m e r g e crea t ing hybr id iza t ion . 
Explor ing hybr id iza t ion can also he lp pred ic t r e s p o n s e s to c l imate change . 
Modif icat ions in e n v i r o n m e n t a l cond i t ions resu l t ing from c l imate c h a n g e have 
the po ten t ia l to a l te r r anges of re la ted species to t h e po in t t h a t t h e size of species 
over lap is e i t he r i nc r ea sed o r r e d u c e d (Campbel l a n d W e n d l a n d t 2013) . Th is 
change in r a n g e over lap could resul t in reproduc t ive isola t ion b e c a u s e of 
increased or r e d u c e d viabil i ty of an i m m i g r a n t species a r r iv ing in a novel hab i t a t 
(Campbel l a n d W e n d l a n d t 2013). Cl imate change also h a s t h e po ten t i a l to c h a n g e 
e n v i r o n m e n t a l cond i t i ons in a n a rea of sympat ry , dec reas ing or inc reas ing the 
ra te of hybr id iza t ion , by chang ing rep roduc t ive phenology , or a l t e r ing pol l ina tor 
behav ior (Campbel l a n d W e n d l a n d t 2013). For example , c l ima te c h a n g e can 
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increase a n n u a l p rec ip i t a t ion in a n a rea of sympa t ry , which h a s b e e n found to 
a l ter flower m o r p h o l o g y in Ipomopsis species a n d the re fore po l l ina to r se lect ion 
(Campbel l a n d W e n d l a n d t 2013) . This wou ld be an a l t e ra t ion in prezygot ic 
r ep roduc t ive i so la t ion . A n o t h e r way the chang ing c l imate can a l te r hybr id iza t ion 
is if cond i t ions c h a n g e d t h e abili ty of hybr ids to s u r v i v e / r e p r o d u c e , c o m p a r e d to 
p a r e n t a l species (Campbel l a n d W e n d l a n d t 2013). Reduc t ions in viabil i ty o r 
r e p r o d u c t i o n a r e m e c h a n i s m s of postzygot ic r ep roduc t ive i so la t ion (Campbel l 
a n d W e n d l a n d t 2013) . By s tudy ing zones of s y m p a t r y o n e can l ea rn hybr id iza t ion 
l imi ta t ions , which have t h e po ten t ia l to predic t species i n t e r ac t ions wi th global 
c l imate c h a n g e . 
Hybrid Movement 
Study ing t h e m o v e m e n t of hybr ids can he lp us u n d e r s t a n d spec ies 
invasions , in add i t i on to t h e causes a n d consequences of s tabi l i ty a n d t h e 
ext inc t ion of a p a r e n t a l species (Buggs 2007) . Hybr id iza t ion has b r o u g h t m a n y 
species t o close t o ex t inc t ion (Allendorf a n d L u n d q u i s t 2 0 0 3 ) . H y b r i d m o v e m e n t 
associa ted w i th clinal hyb r id mode l s has b e e n found to be c a u s e d by c l imate 
change, w h e r e d o m i n a n t alleles replace recessive o n e s (Buggs 2 0 0 7 ) . Hybr id 
m o v e m e n t , in p o p u l a t i o n s t h a t fit t he hybr id advan t age mode l , occurs w h e n 
hybr ids wi th g rea t e r fitness are no t l imi ted to t h e eco tone zone b e t w e e n pa ren t a l 
species (Good et al. 2 0 0 0 ) . Hybr ids can t h a n expand the i r r a n g e t o w a r d s b o t h 
pa ren t a l r anges . Asymmet r i ca l or single d i rec t ion range e x p a n s i o n m a y occur 
w h e n o n e p a r e n t a l spec ies ' s fitness is g r ea t e r t h a n t h e o t h e r . M o v e m e n t in o n e 
d i rec t ion m a y occur if r e p e a t e d backcross ing of hyb r id s wi th p a r e n t a l species 
advances h y b r i d s m o r e closely re la ted to said pa ren t a l species . M o v e m e n t in the 
hybr id d i s a d v a n t a g e mode l or t ens ion model , occurs w h e n hybr id s have a lower 
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fitness t h a n the i r p a r e n t s . T h e s e mode l s p red ic t t h a t hyb r id zones m o v e based on 
popu la t ion dens i ty g r a d i e n t s a n d a s y m m e t r y of hybr id iza t ion in p a r e n t a l species . 
41 
C h a p t e r 5 . H y p o t h e s e s a n d M e t h o d s 
Hypotheses 
Explor ing t h e geograph ica l a n d t e m p o r a l m o v e m e n t of hybr id zones 
p rov ides prac t ica l ev idence for conserva t ion biologis ts inves t iga t ing t h e d y n a m i c s 
of species invas ions (Buggs 2 0 0 7 ) . Genetical ly b a s e d cl ines in floral t r a i t s can also 
he lp us to u n d e r s t a n d po ten t ia l a d a p t a t i o n in r e sponses to c l imate change . I re-
m e a s u r e d floral t r a i t s in Ipomopsis in 12 p o p u l a t i o n s a long a n e levat ional 
g r a d i e n t in Pover ty Gulch, G u n n i s o n County , Colorado , which w a s first m e a s u r e d 
in 1991 a n d 1992, to a n s w e r two ques t ions . First , H o w d o p r e s e n t day e levat ional 
cl ines in corol la l eng th , corolla width , a n d m a x i m u m a n t h e r pos i t ion c o m p a r e 
with t hose obse rved in 1991 a n d 1992 (Campbel l et al. 1997) for p o p u l a t i o n s of 
Ipomopsis loca ted at th is s t udy si te? Secondly, to w h a t ex ten t a re e levat ional 
differences in corol la l eng th a n d wid th d u e to p h e n o t y p i c plas t ic i ty v e r s u s genet ic 
differences? In a c c o r d a n c e to my first ques t ion , to ta l leaf ha i r s per leaf a n d 
s t a n d a r d leaf a rea (SLA) we re a lso m e a s u r e d t o c o m p a r e vegeta t ive t r a i t c l ines 
wi th floral t r a i t s c l ines in 2 0 1 5 . 1 p red ic t ed t h a t p o p u l a t i o n s at h ighe r e leva t ions 
wou ld have a g rea t e r average n u m b e r of leaf ha i r s to he lp reflect UV rays, 
c o m p a r e d to lower e levat ion popu la t ions . Based on k n o w n p a t t e r n s of specific 
leaf a rea , I p r e d i c t e d t h a t p o p u l a t i o n s of Ipomopsis wou ld exhibi t h ighe r SLA in 
s i tes wi th we t t e r soils, a n d lower SLA in s i tes wi th d r i e r soils. I hypo thes i zed t h a t 
select ion on vegeta t ive t r a i t s wou ld differ from t h a t of floral t ra i t s , b e c a u s e 
e n v i r o n m e n t a l cond i t i ons a re no t ex t remely var ied a m o n g p o p u l a t i o n s a long the 
e levat ional cline. Yet, floral se lect ion p re s su re s a re d e t e r m i n e d b y t h r e e 
pol l ina tors , w h e r e o n e of which is incons is ten t ly p r e s e n t f rom year to year . By 
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inves t igat ing t e m p o r a l floral t ra i t var ia t ion , I can see if t h e r e have b e e n cl ine-
wide sys t ema t i c c h a n g e s or if t ra i t va r ia t ion is chaot ic f rom yea r to year . 
T o explore t h e po ten t ia l causes of t e m p o r a l shifts in clines, I t h e n used 
reciprocal t r a n s p l a n t e x p e r i m e n t s to a n s w e r my second ques t ion : t o w h a t ex tent 
a re e levat ional differences in corolla l eng th a n d wid th d u e to p h e n o t y p i c 
plast ici ty ve r sus gene t i c differences? Based on k n o w n p a t t e r n s of floral t ra i t s , I 
p red ic ted t h a t p o p u l a t i o n s of Ipomopsis would exhibi t relat ively s h o r t a n d w ide 
corol las in t h e species / . aggregata at lower e leva t ions c o m p a r e d to h ighe r 
e levat ions , whi le / . tenuituba shou ld express long n a r r o w corol las at h ighe r 




Obse rva t i ons we re collected from 12 popu la t i ons (A-L) a long a 3 .7km 
t r ansec t m a p p e d in Fig. 4 . T h r e e of t hese si tes exist as p a r t of a rec iproca l 
t r a n s p l a n t s tudy , whi le t h e r e m a i n i n g n ine a re r ep re sen ta t ive only of n a t u r a l 
popu la t ions . Th i s m o u n t a i n o u s valley con ta ins n a t u r a l p o p u l a t i o n s of I. 
aggregata a t u p t o 2 9 0 0 m in e levat ion a n d / . tenuituba a t a n d above 3 2 0 0 m, 
a long wi th a n a t u r a l hyb r id zone b e t w e e n t h e p a r e n t r anges (Campbe l l et al. 
1997). T h e we t t e s t si te is / . aggregata popu la t ion L, o u r lowes t e levat ion si te a t 
2 9 0 0 m (Campbe l l a n d W a s e r 2001) . T h e dr ies t site, I, is loca ted in t h e midd le of 
t h e hybr id zone, a t 3 0 5 0 m on a s teep ta lus s lope wi th l i t t le vege ta t ion , 
p o p u l a t i o n I (Campbe l l e t al. 2 0 0 4 ) . O u r h ighes t e leva t ion s i te is a t / . tenuituba 
popu la t i on A, n e a r 3 2 2 5 m. It has been 23 years s ince e levat ional c l ine da t a were 
collected f rom wild individuals , wh ich is abou t 5 g e n e r a t i o n s ago (Campbe l l 1997). 
Floral Trait Measurements 
T o a d d r e s s m y first ques t ion , at least two t i m e s per week, u p to t h r e e o p e n 
flowers from 10 p l an t s we re r e m o v e d f rom each of the 12 popu la t i ons , a n d t h e 
following t ra i t s we re m e a s u r e d : corolla length , corolla w id th , a n t h e r pos i t ion 
relat ive t o corol la b a s e (us ing calipers) , a n d 4 8 - h r nec ta r p r o d u c t i o n a n d s u g a r 
concen t r a t i on (us ing capi l lary t ubes a n d a re f rac tometer , a s desc r ibed in 
Campbe l l et al 1991). T h e major i ty of nec ta r m e a s u r e m e n t s we re col lected o n Ju ly 
16 a n d 28 , wi th t h e r e m a i n i n g m e a s u r e m e n t s collected Augus t 4 . Corolla l eng th , 
corolla width , a n d a n t h e r pos i t ion were chosen to c o m p a r e m o d e r n d a t a wi th 
da ta from 1991 a n d 1992. All of t h e s e t ra i t s can inf luence po l l ina t ion success 
(Campbel l e t al. 1997). 
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Vegetative Trait Measurements 
To s u p p l e m e n t floral t ra i t m e a s u r e m e n t s , I collected o n e m a t u r e basa l 
leaf from each p l a n t a long my t ransec t s , at each of the 12 s i tes b e t w e e n Ju ly 16 th 
a n d Ju ly 22 n d . I t h e n c o u n t e d tota l leaf ha i rs per leaf a n d ca lcu la ted specific leaf 
a rea (SLA). Specific leaf a r ea is t he one-s ided a rea of a fresh leaf d iv ided by its 
oven-d ry m a s s . T h e a rea of each leaf was calculated by s c a n n i n g t h e leaf us ing the 
p r o g r a m I m a g e J . N u m b e r of leaf ha i r s of was c o u n t e d f rom scans a t IOX 
magnif ica t ion. S a m p l e s we re t h e n oven-dr i ed a n d we ighed individual ly , a n d the 
m a s s w a s u s e d to ca lcula te SLA (as a rea (cm 2 ) / d ry m a s s (g)). T h e s e va lues were 
averaged for each site. 
Experimental Gardens 
In 2 0 0 7 , s eeds p r o d u c e d by hand -po l l i na t ed c rosses of I. aggregata a n d / . 
tenuituba (pa ren ta l , Fi rec iprocal hybr ids , a n d F2 hybr ids ) we re p l an t ed 
r a n d o m l y a t 10 c m in terva ls wi th in 2 0 1 x 1 m blocks a t each of t h e t h r e e 
expe r imen ta l s i tes: I. aggregata popu la t ion L, hybr id p o p u l a t i o n I, a n d J. 
tenuituba p o p u l a t i o n C. Blocks we re placed a long s t r ips w h e r e t he r e we re n o 
flowering Ipomopsis ind iv idua ls f rom t h e n a t u r a l popu la t i on wi th in 1 m to avoid 
e n c r o a c h m e n t of wild seeds . In 2 0 0 8 , 1 0 blocks of F2 hyb r id s we re p l an t ed at t he 
lowest e x p e r i m e n t a l s i te to increase s a m p l e size. For th i s s tudy , F2 hyb r id s 
provide h igh va r i a t ion in t ra i t va lues u p o n which select ion can act . Each J u n e , the 
surviv ing e x p e r i m e n t a l p l an t s a re censused . Longest leaf l eng th a n d n u m b e r of 
leaves a r e m e a s u r e d for p l an t s lacking inf lorescences at t h a t t ime . Ipomopsis 
exist as vegeta t ive rose t t e s for a m e d i a n of 5 years (at t h e lowes t e x p e r i m e n t a l 
site), b l o o m d u r i n g a s ingle season , set seed a n d die (Campbe l l 1997). 
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Data Analysis 
I. Comparison of clines in 1992 vs. 2015 
T o eva lua te q u e s t i o n 1, an analys is of covar iance (ANCOVA) was u s e d to 
inves t iga te floral t r a i t s da t a ; corolla length, corolla wid th , a n d a n t h e r pos i t ion , 
c o m p a r i n g fit to h is tor ica l da ta , collected in 1992 wi th t h e da t a col lected in 2015, 
wi th yea r as a factor a n d d i s t ance a long t h e e levat ional t r ansec t as t h e c o n t i n u o u s 
covar ia te var iab le (Fig. 5). For his tor ical da ta , d i s t ance a long t h e cl ine was 
e s t i m a t e d f rom d a t a in W u a n d Campbel l ( 2 0 0 5 ) . In 2015, c l ine da t a were 
collected us ing a GPS. 
/ / . Comparison of clines across traits in 2015 
T o c o m p a r e cl ines in different t ra i ts , popu la t i on m e a n s we re scaled 
b e t w e e n zero a n d o n e by us ing: 
( Y - m i n ) / ( m a x - m i n ) , w h e r e Y is the popu la t ion m e a n , a n d m i n a n d m a x 
a re t h e overall m i n i m u m a n d m a x i m u m popu la t i on m e a n s . T h e s e scaled va lues 
were t h e n p lo t t ed aga ins t d i s t ance a long t h e t r ansec t , for each t ra i t in t h e 
d i rec t ion t h a t va lues inc reased wi th d i s tance (Fig. 6.). T h e bes t f i t t ing po lynomia l 
funct ion to each cline was used to descr ibe cl ine var ia t ion . A l iner regress ion was 
used to assess t h e SLA cline. 
III. Reciprocal Transplant Study 
T o eva lua te q u e s t i o n 2, a 3-factor analys is of va r iance (ANOVA) on floral 
t ra i t s was c o n d u c t e d , us ing si te (e.g. J. aggregata, I. tenuituba, or hybr id si tes) , 
year , a n d p lan t geno type of or igin ( / . aggregata, I. tenuituba, F i hyb r id AT, t h e 
reciprocal F i hyb r id TA, or F2 hybr id) as categorical p red ic to rs . All i n t e rac t ions 
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were cons ide r ed wi th in t h e model , a n d were based on p rev ious work t h a t has 
s h o w n r e s p o n s e s of p l a n t s a re expected to vary by geno type (I. aggregata, I. 
tenuituba, a n d c ross -spec ies hybr ids) at a given si te (Campbel l , 2 0 0 3 ; Campbe l l 
et al. 2010) . A s i te effect wou ld indica te plasticity, w h e r e a s an effect of geno type 
of or igin w o u l d ind ica te a gene t ic effect. An in te rac t ion w o u l d ind ica te a geno type 
by e n v i r o n m e n t in t e rac t ion . 
IV. Trait Covariation 
To explore p a t t e r n s of t ra i t va r ia t ion in different floral a n d vegeta t ive 
forms a m o n g p o p u l a t i o n s a long the e levat ional cline, I ca lcu la ted Pea r son ' s 
cor re la t ion coefficients b e t w e e n all m e a s u r e d t r a i t s in 2 0 1 5 . 1 also ca lcu la ted an 
add i t iona l Pea r son ' s cor re la t ion coefficient b e t w e e n leaf surface a rea a n d tota l 
n u m b e r of leaf ha i r s , r a t h e r t h a n SLA, because surface a r ea gives a be t t e r 
dep ic t ion of t h e leaf w h e n c o m p a r i n g leaf ha i rs . SLA is a m o r e in format ive 
vegetat ive t ra i t for c o m p a r i n g to floral t ra i ts , because SLA can desc r ibe a p lan t ' s 
r e l a t ionsh ip wi th t h e e n v i r o n m e n t , and , m o r e specifically, w a t e r a n d n u t r i e n t 
r e t en t ion a n d p ro tec t ion f rom des iccat ion. Linear r eg ress ions we re p e r f o r m e d to 
c o m p a r e t ra i t s . Only significant r e l a t ionsh ips (P < 0 .05 ) were used to dec rease 
r e d u n d a n c y of ana lys i s of cor re la t ion a n d regress ion coefficents, a n d because 
e s t ima te s of r egress ion coefficients a re notor ious ly unre l i ab le w h e n re la t ionsh ips 
a re weak . An ana lys i s of b iva r iance was also ca lcula ted b e t w e e n all t ra i t s . 
R e s u l t s 
/ . Comparison of clines in 1992 vs. 2015 
Both corol la l eng th a n d corolla w id th s h o w e d a yea r by d i s t ance 
in te rac t ion in a n ANCOVA (P < o . o o i a n d P < 0 . 0 0 5 ) . In a s t a n d a r d ANCOVA, 
wi th a factor of yea r a n d d i s t ance as a c o n t i n u o u s var iable , b o t h t r a i t s we re larger 
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on average in 2015 t h a n in 1992 (Fig. 5). Corolla l eng th w a s la rger by 4 .4 m m in 
2015 (Fig. 5A, Fi,242 = 13.54, P < 0 . 0 0 0 1 ) , a n d corolla w id th w a s la rger by 0.11 
m m (Fig. 5B, Fi,242 = 7.83, P < 0 . 0 0 5 ) . To eva lua te w h e t h e r i nc reased flower size 
was sys temat i c over years , I a lso e x a m i n e d da t a from 1991 (all popu la t ions ) , 1999 
(popu la t i ons I a n d L only) a n d 2013 (popu la t ions I a n d L only). Corolla l eng th 
did no t differ s ignif icantly b e t w e e n 1991 a n d 1992 (ANCOVA on p o p u l a t i o n 
m e a n s , Fi,20 = 0 . 0 9 , P = 0.773), a n d t h a t t ra i t a p p e a r e d to inc rease sys temat ica l ly 
over yea r s (no te t h e cons i s t en t difference b e t w e e n o p e n symbol s a n d filled 
symbol s in Fig. 5A). O n t h e o t h e r h a n d , corolla wid th w a s va r i ab le f rom yea r to 
year a n d d id no t s h o w a sys t ema t i c difference (Fig. 5B). Corolla l eng th a n d wid th 
var ied b e t w e e n 2015 a n d 1992 differently t h a n a n t h e r pos i t ion . 
T h e h ighes t a n t h e r pos i t ion s h o w e d a m o r e c o m p l e x p a t t e r n , in wh ich t h e 
difference b e t w e e n 1992 a n d 2015 d e p e n d e d u p o n t h e loca t ion o n t h e t r ansec t 
(year x d i s t ance in te rac t ion , F ] i24i = 10.69, P < 0 .001) . A n t h e r pos i t ion relat ive to 
corolla c h a n g e d t h e m o s t for / . aggregata popu la t i ons lowes t on t h e m o u n t a i n 
( those wi th t h e h ighes t va lues for d i s t ance in Fig. 5C), whi le chang ing little at t he 
high / . tenuituba p o p u l a t i o n s ( those wi th the lowest va lues for d i s t ance in Fig. 
5C). A s t r o n g clinal p a t t e r n wi th lower a n t h e r pos i t ions a t t h e / . aggregata 
p o p u l a t i o n s h a d b e e n s een in 1992 (P = 0 . 0 0 0 1 in mode l wi th d i s t ance effect 
nes t ed wi th in year) , b u t n o evident cline was seen in 2015 (P = 0 .214) . A n t h e r 
pos i t ion did n o t differ significantly b e t w e e n 1991 a n d 1992, (Fi,20 = 1.12, P = 
0 .302) . T h u s t h e la rge va lues in 2015 a re no t j u s t an anoma ly . 
II. Comparison of clines across traits in 2015 
T h e s lope for SLA w a s slightly lower t h a n the s lope for t h e floral t ra i t s : 
corolla l eng th , w id th , a n d 4 8 - h o u r nec ta r p r oduc t i on (Fig. 6). However , th i s 
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vegetat ive t ra i t d i d s h o w a significant change with d i s t ance ( l inear regress ion , 
Fi,i27 = 6.32, p<o .O i ) . Site K h a d t h e h ighes t SLA va lue (202 .774 c m 2 / g ) , whi le 
si te F s h o w e d t h e lowes t SLA value (145.273 c m 2 / g ) (Table 1). T h e lowes t 
e levat ion si te, L, h a d t h e g rea tes t 4 8 - n e c t a r p roduc t ion , 4 . 8 8 \iL, whi le s i te B h a d 
the lowest 4 8 h r n e c t a r p roduc t i on wi th less t h a n a microl i ter , 0 . 2 5 jxL (Table 1). 
/ / / . Reciprocal Transplant Study 
Since b o t h corolla l eng th a n d h ighes t a n t h e r pos i t ion s h o w e d c h a n g e s 
b e t w e e n 1992 a n d 2 0 1 5 , 1 ana lyzed w h e t h e r t hose t ra i t s s h o w gene t i c or 
e n v i r o n m e n t a l va r i a t ion . In t h e reciprocal t r a n s p l a n t e x p e r i m e n t , corolla length 
d e p e n d e d o n b o t h type of p l an t ( / . aggregata, F i hybr id wi th / . aggregata 
m o t h e r , F i hyb r id wi th I. tenuituba m o t h e r , F2, or / . tenuituba; F4,i52 • 7.22, P < 
0 . 0 0 0 1 ) a n d o n t h e s i te of p l an t i ng (F2,i52 = 4 .94 , P < 0 .001 ) . T h o s e r e su l t s 
ind ica te t h a t b o t h gene t i c a n d e n v i r o n m e n t a l factors inf luence t h e t ra i t . A n t h e r 
pos i t ion also s h o w e d bo th genet ic a n d e n v i r o n m e n t a l c o m p o n e n t s of va r i a t ion (P 
= 0 .012 a n d P = 0 . 0 3 5 respect ively) . A l though corolla l eng th a n d a n t h e r pos i t ion 
s h o w e d gene t ic a n d e n v i r o n m e n t a l influence, genet ic factors we re found to have 
a g rea te r effect. 
IV. Floral Trait Covariation 
Of t h e six s ignif icant b ivar ia te t ra i t compar i sons , t h e only pa i r wi th bo th a 
vegeta t ive a n d floral t ra i t w a s SLA a n d corolla l eng th , which we re signif icantly 
cor re la ted (Fig. 7: P < 0 . 0 5 0 , r = -0.575, n = 12). The only c o m p a r i s o n of 
vegeta t ive t ra i t s , leaf ha i r s a n d leaf surface a rea a lso co r re l a t ed signif icantly (Fig. 
7: P< 0.01, r = O.713, n = 12). Corolla wid th a n d 24 h o u r n e c t a r p r o d u c t i o n 
cor re la ted wi th t h e g rea t e s t significance a n d regress ion (Fig. 7: P < 0 . 0 0 0 1 , r = 
O.938). Corolla l eng th significantly cor re la ted wi th m o r e t r a i t s t h a n a n y o the r , 
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with four s ignif icant cor re la t ions . Tra i t s t h a t covary wi th o n e a n o t h e r ind ica te 
tha t t hey may be l imi ted by t h e s a m e select ion factor. 
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C h a p t e r 6 . D i s c u s s i o n a n d C o n c l u s i o n s 
Discussion 
I have d e m o n s t r a t e d t h a t corolla l eng th in Pover ty Gulch, G u n n i s o n 
County, Ipomopsis h a s significant genet ic a n d e n v i r o n m e n t a l b a s e s . Since l eng th 
has a gene t ic c o m p o n e n t a n d it c h a n g e d sys temat ica l ly over years , t h a t c h a n g e is 
cons i s ten t wi th a n evo lu t ionary change , c o m p a r e d to t h e s a m e p o p u l a t i o n s f rom 
2 3 yea r s ago. However , a l t e rna t ive hypo theses n e e d to be cons ide red . Soil 
mo i s tu r e h a s b e e n s h o w n to cor re la te wi th increased corol la l eng th a n d m a y have 
inf luenced 2015 floral t r a i t m e a s u r e m e n t s (Campbel l a n d W e n d l a n d t 2013) . 
Addi t iona l d a t a f rom a fu ture dry year wou ld he lp to d i s t ingu i sh t h e s e 
possibi l i t ies . 
A l though a s ignif icant gene t i c difference h a s b e e n found in b o t h corolla 
l eng th a n d wid th , corol la w id th d id no t es tabl i sh sys t em-wide va r i a t i on w h e n 
s u p p l e m e n t a r y d a t a f rom addi t iona l yea r s were c o m p a r e d . Addi t ional ly , a n t h e r 
pos i t ion var ied signif icantly only w h e n c o m p a r i n g lower e levat ional s i tes b e t w e e n 
1992 a n d 2015. T h a t c h a n g e is cons i s t en t e i ther wi th in t rogress ion of genes f rom 
t h e h igh e levat ional J. tenuituba s i tes or wi th e n v i r o n m e n t a l differences found 
j u s t a t low elevat ion. 
Tra i t c l ines in th i s s t udy we re eva lua ted by ANCOVA. Yet, c l ines could b e 
assessed in m o r e d e p t h by fitting clines to s igmoidal func t ions d e t e r m i n e d by t h e 
width , a n t h e r pos i t i on a n d m a x i m u m slope, a n d c o m p a r i n g cline p a r a m e t e r 
va lues a s in Der rybe r ry et al. (2014) . S igmodia l funct ions have t h e po ten t i a l t o 
be t t e r r e p r e s e n t clinal c h a n g e s t h r o u g h na tu ra l hyb r id zones (Der rybe r ry e t al. 
2014) . 
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W h e n cons ide r ing s n o w m e l t da te as a m e a n s to infer soil mo i s tu re , o n e 
would specu la te t h a t a l a te r s n o w m e l t da t e would sugges t h ighe r soil mo i s tu r e . 
Years wi th a la ter s n o w m e l t da t e shou ld have a sys temat i c shift in h ighe r soil 
mo i s tu r e a n d in t u r n shou ld have longer flowers across all popu l a t i ons . W i t h th i s 
logic, longer flowers wou ld be m e a s u r e d in 1999 (May 25 t h) , 1991 (May 22 n d ) , a n d 
2013 (May 15 th) c o m p a r e d to s n o w m e l t da t e in 2015 (May 7 t h) a n d I did no t find 
tha t occur r ing (Goth ic W e a t h e r ) . The re w a s n o significant difference in corolla 
l eng th w h e n c o m p a r i n g flowers f rom 1991 a n d 1992, wi th s n o w m e l t d a t e s of May 
3 r d a n d May 22 n d respect ively (Gothic Wea the r ) . T h e c h a n g e s in corolla l eng th 
b e t w e e n yea r s is less likely to cor re la te wi th wa te r m o i s t u r e or seasona l s n o w m e l t 
da t e a n d m o r e likely t o r ep re sen t genet ic changes . 
T w o poss ib le exp l ana t i ons for th is gene t ic var iabi l i ty a re b a s e d on (1) 
pol l ina tor se lec t ion or (2) a mov ing hybr id zone. Pol l ina tor se lec t ion as an 
exp lana t ion for t h e obse rved inc reased corolla l eng th h a s t h e m o s t s u p p o r t i n g 
evidence, b e c a u s e of t h e sys temat i c shift in corolla l eng th ac ross all p o p u l a t i o n s 
a long t h e e levat ional cline. Pol l ina tors respons ib le for th is se lec t ion inc lude the 
h a w k m o t h (Hyles lineata), t h e Rufus H u m m i n g b i r d (Selasphorus rufus), a n d 
the Broad- ta i led H u m m i n g b i r d (Selasphorus platycercus). Both h u m m i n g b i r d s 
a n d h a w k m o t h s prefer t o visit flowers wi th longer corol las (Campbe l l et al. 1997, 
Campbe l l et al. 1991). S ta t ing tha t po l l ina tor select ion is t h e dr iv ing force for th is 
increase in corol la l eng th is easy to s ta te . However , t h e r e is a d i s connec t 
s o m e w h e r e . H u m m i n g b i r d s a re found to pol l ina te flowers wi th longer corol las in 
th i s sys tem, however in o t h e r sys t ems h u m m i n g b i rd po l l ina to rs a r e c o m m o n l y 
a t t r ac t ed to s h o r t e r a n d wide r corol las (Campbel l et al. 1997), w h e r e a s 
h a w k m o t h s a re a t t r a c t e d to longer t h i n n e r corol las (Campbe l l e t al. 1997). Which 
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would m e a n , t h a t h a w k m o t h s could be the dr iv ing factor l ead ing to longer corolla 
length ac ross t h e cline, b e c a u s e h a w k m o t h s would fly f rom lower e leva t ions to 
h igh e leva t ions po l l ina t ing as they travel , inc reas ing t h e corol la l eng th a long t h e 
cline. Yet, h a w k m o t h s a re scarce in th is sys t em a n d a re no t found f rom yea r to 
year (Campbe l l et al. 1997). Thus , t h e dr iv ing factor t h a t is i nc reas ing corolla 
l eng th a long t h e cl ine is m o r e compl ica ted . Pe rhaps , longer corol la l eng th is 
l inked to g rea t e r fitness a n d t h e s e t ra i t s r e m a i n in t h e sys t em t h r o u g h o u t years 
w h e n h a w k m o t h s a re n o t a b u n d a n t . A n o t h e r a l te rna t ive wou ld b e h u m m i n g 
b i rds a re se lec t ing for longer corollas, because they a re assoc ia ted wi th g rea t e r 
nec ta r p r o d u c t i o n . T h o u g h , I found tha t corolla l eng th h a s a nega t ive cor re la t ion 
wi th inc reased n e c t a r p r o d u c t i o n . This ev idence sugges t s t h a t m o r e e x p e r i m e n t s 
n e e d t o b e c o n d u c t e d t o exp la in why corol la l eng ths a r e inc reas ing in t h i s sys tem. 
A po ten t ia l impl ica t ion of th is da t a is t h a t h u m m i n g b i r d s a n d h a w k m o t h s wi th 
s h o r t e r m o u t h p a r t s a re be ing exc luded from th is m u t u a l i s m . This migh t 
ind ica ted t h a t t h e m u t u a l i s m b e t w e e n pol l ina tors a n d Ipomopsis h a s b e c o m e 
m o r e special ized over t h e pas t 23 yea r s a n d in t u r n is m o r e vu lne rab l e to falling 
apar t , as e n v i r o n m e n t a l cond i t ions change . 
T h e a l t e rna t ive hypothes i s , moving hybr id zone, sugges t s t ha t longer 
corolla l eng th g e n e s a re moving d o w n t h e elevat ional cl ine t h r o u g h inc reased 
hybr id iza t ion . Ev idence for th i s hypo thes i s occurs w h e n a t ra i t r e m a i n s t h e s a m e 
in o n e sect ion of a cl ine a n d h a s a significant difference in an ad jacen t sect ion, 
s h o w n in t h e a n t h e r pos i t ion cline. This hypo thes i s is unl ikely to app ly to my 
sys tem, b e c a u s e th i s p a t t e r n is s h o w n in only o n e floral t ra i t . 
Hybr id zone m o v e m e n t in the p r e s e n t a n d recent pas t has b e e n found to 
be a w i d e s p r e a d occu r r ence (Buggs 2007) . Pa t t e rn s in n a t u r a l zones a r e complex 
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a n d may b e mis l ead ing b e c a u s e pheno typ i c cha rac t e r s can s h o w in t rogress ion 
t h r o u g h hybr id zones in different d i rec t ions (Buggs 2 0 0 7 ) . Similar ly, Ipomopsis 
floral t ra i t p a t t e r n s a r e n o t sys temat ica l ly un i form a n d s h o w ev idence of poss ib le 
in t rogress ion in different d i rec t ions . 
A l though ev idence for e n v i r o n m e n t a l a n d evo lu t ionary p r e s s u r e s select ing 
for floral t ra i t differences a long a hyb r id zone was found , h y p o t h e s e s exp la in ing 
these m o v e m e n t s r e m a i n u n t e s t e d . T h e p re l imina ry hypo thes i s of g lobal 
w a r m i n g h a s b e e n sugges ted as a cause of the m o v e m e n t of hyb r id zones (Buggs 
2007) . However , t h e need for m o r e hybr id m o v e m e n t s tud i e s is essent ia l . 
Evidence of c o m m o n t r e n d s n e e d to be found in mul t ip le hybr id s y s t e m s before 
c l imate c h a n g e can b e accred i ted for a causat ive factor of hyb r id zone m o v e m e n t s 
(Buggs 2 0 0 7 ) . 
Imp l i ca t ion for conse rva t ion of th is s t udy a re par t i cu la r ly i m p o r t a n t 
because th i s s t u d y a d d s to t h e g rowing b o d y of ev idence for b o t h p l a n t a n d 
pol l ina tor species r anges are chang ing wi th global c l imate c h a n g e . Al though , 
po l l ina tor s t ud i e s w e r e n o t specifically c o n d u c t e d wi th is s tudy , obse rva t ions 
p e r f o r m e d while col lect ing d a t a sugges t t h a t J. tenuituba po l l ina tors , Hyles 
lineata, a r e n o t a b u n d a n t . I d id n o t see a s ingle h a w k m o t h d u r i n g th i s field 
season . Addi t ional ly , p o p u l a t i o n s of I. tenuituba we re a lso cons ide rab ly sma l l e r 
t h a n J. aggregata, w h e r e I h a d to strategical ly place m y t r a n s e c t in a swi tch back 
fo rma t ion to a c c o m m o d a t e for smal le r popu la t ions . F u r t h e r m o r e , / . tenuituba 
has a longer g e n e r a t i o n t ime , l imi t ing t h e n u m b e r of b l o o m i n g ind iv idua ls per 
year , a n d the re fore t h e size of seed se t p roduc t ion . 
This sys t em d e m o n s t r a t e s ev idence of r ange shifts in t h e p a s t 23 years , b u t 
t he r e a re m o r e da t a sugges t ing a lack of po l l ina tors a t h ighe r e leva t ions a n d a 
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growing specia l ized m u t u a l i s m across all s tud ied popu la t i on t h a t can eventua l ly 
lead to local ex t inc t ion . I m p l e m e n t i n g a h a w k m o t h conse rva t ion p r o g r a m to rea r 
a n d re lease h a w k m o t h s in t h e a rea may b e necessa ry to k e e p p o p u l a t i o n s of 
Ipomopsis tenuituba s tab le . Longer corolla l eng th could b e se lect ing for a smal l 
po r t ion of t h e avai lable h u m m i n g b i r d popu la t ion , i sola t ing r e sou rce s only for 
po l l ina tors w i th long e n o u g h m o u t h p a r t s . Addi t iona l ev idence is n e e d e d to 
s u p p o r t th i s c la im. However , th is ev idence could b e b r o u g h t t o g e t h e r b y a 
n u m b e r of fu ture s tud ies . 
Po ten t ia l e x p e r i m e n t s can be c o n d u c t e d to assess / p o m o p s i s - p o l l i n a t o r 
in te rac t ions , wh ich inc lude collecting pol l ina tor obse rva t ions , t r a i t 
m e a s u r e m e n t s , a n d a b u n d a n c e at all mig ra to ry loca t ions . Howeve r t h e nex t 
logical e x p e r i m e n t w o u l d b e to d e t e r m i n e if e levat ional differences in floral or 
vegetat ive t r a i t s a re adap t ive . Based on k n o w n p a t t e r n s of floral t ra i t s , I p red ic t 
t h a t p o p u l a t i o n s of Ipomopsis will exhibi t relatively s h o r t a n d w ide corol las in t h e 
species / . aggregata in lower e levat ions , whi le t h e species I. tenuituba expresses 
longer n a r r o w corol las a t h ighe r e levat ion (Campbel l 2 0 0 4 ) . If t h e s e p a t t e r n s a re 
adapt ive , I p red ic t t h a t long, n a r r o w flowers will increase fitness m e a s u r e d as 
seed p r o d u c t i o n a t h igh e levat ion while shor t , wide flowers will have h ighe r 
fitness a t low elevat ion. Adapt ive p a t t e r n s of th is sor t wou ld have favored 
s h a r p e r cl ines over t ime , w h e r e a s increased hybr id iza t ion (as p r o p o s e d by 
Campbel l e t al. 2 0 0 8 ) could have led to sha l lower cl ines. S h a r p e r cl ines wou ld 
sugges t i nc r ea sed specia l iza t ion of p lan t pol l ina tor m u t u a l i s m , favoring pa ren t a l 
species r a t h e r t h a n hybr ids . To analyze var ia t ion in n a t u r a l se lect ion o n floral 
t ra i ts , fitness of a p l a n t will b e e s t ima ted as its seed p r o d u c t i o n . Relat ive fitness 
will be r eg res sed o n corolla l eng th a n d corolla w id th us ing a m o d e l t h a t a lso 
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inc ludes t h e factor of s i te a n d t h e s i te- t ra i t in te rac t ions t o tes t if se lec t ion var ies 
across space . T o d e t e r m i n e if plastici ty is adapt ive , I will see w h e t h e r floral t ra i t s 
c h a n g e d plast ic i ty in t h e d i rec t ion favored by select ion for t h a t si te. 
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F i g u r e s : 
(map generated on 11/2/2014 ) 
Fig. 1. Ipomopsis tenuituba (A.) a n d Ipomopsis aggregate (B.) s p e c i e s r a n g e 
m a p . Ipomopsis tenuituba r a n g e is c o n s i d e r a b l y s m a l l e r t h a n J. aggregata a n d is 








Gihsemum hotben t 















Potemonipottis ma/ewskn + 
Fig. 2. Phlox family, Polemoniaceae, phylogenet ic t r ee d isp lays spec ia t ion t o 
genus . T h e Ipomopsis c lade is h ighl ighted wi th a box ( J o h n s o n et al. 2008). 
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Fig. 3. Ipomopsis aggregata subsp . d isp laying var ia t ion in floral s tock n u m b e r , 
a n d size. Var ia t ion in floral s tock is c o m m o n l y i nduced by herb ivory . Drawings by 
Linda Vorobik (Gran t a n d Wilken 1986). 
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P o v e r t y G u l c h 
Fig. 4 . P o v e r t y G u l c h m a p d i s p l a y i n g o b s e r v a t i o n a l t r a n s e c t s . P o p u l a t i o n s i t e s 
a r e i n d i c a t e d by c o l o r e d circle. Red circles i nd i ca t e Ipomopsis aggregata 
p o p u l a t i o n s , p i n k c i rc les i n d i c a t e h y b r i d Ipomopsis p o p u l a t i o n s , a n d w h i t e 
c i rc les i n d i c a t e Ipomopsis tenuituba p o p u l a t i o n s . T w e l v e s i t es a r e all s i t u a t e d 
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Fig. 5. T e m p o r a l a n d spa t i a l floral t r a i t v a r i a t i o n a r e p r e s e n t e d in r e l a t i o n t o 
d i s t a n c e f rom t h e h i g h e s t p o p u l a t i o n a l o n g t h e e l eva t iona l c l ine . Ipomopsis 
g e n o t y p e s a r e s h o w n in d a t a p o i n t color : w h i t e i n d i c a t e s / . tenuituba p o p u l a t i o n s , 
o r a n g e i n d i c a t e s h y b r i d p o p u l a t i o n s , a n d Red i n d i c a t e s / . aggregate p o p u l a t i o n s . 
M e a n s a n d s t a n d a r d e r r o r s a c r o s s e l eva t iona l c l ines a r e s h o w n , w h e r e b l a c k l i ne s 
r e p r e s e n t d a t a f rom 2 0 1 5 a n d l ight l ines r e p r e s e n t d a t a p a s t d a t a . A N C O V A 
s h o w s a s ign i f ican t 2015 corol la l e n g t h i n c r e a s e ove r v a l u e s in 1992 (Fi,242 = 13.54, 
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Fig. 6. Floral a n d Vegetat ive Clines from 2015 c o m p a r e s scaled popu la t i on 
m e a n s b e t w e e n zero a n d one to c o m p a r e t ra i t s by using: ( Y - m i n ) / ( m a x - m i n ) , 
whe re Y is t he popu la t i on m e a n . Circular po in t s r e p r e s e n t corolla t ra i t s , 
t r i angu la r po in t s r e p r e s e n t 4 8 - h o u r nec ta r p roduc t ion , a n d r h o m b o i d a l po in t s 
p r e sen t specific leaf a rea . SLA showed a significant change wi th d i s t ance ( l inear 
regress ion, Fi,i27= 6.32, p < o . o i ) . 
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Fig. 7. Scat ter p lots showing t ra i t m e a n values for pa i r s of t ra i t s wi th 
stat ist ically significant cor re la t ions of Ipomopsis spp. Posit ive cor re la t ions a re 
shown in the left c o l u m n a n d negat ive cor re la t ions a re s h o w n in t he r ight co lumn . 
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Pla tes : 
P la te l . Ipomosis tenuituba-aggregata h y b r i d . N o t e five pe t a l s , ye l low po l l en , 
p i n k - o r a n g e e x t e r i o r coro l la a n d s p o t t e d w h i t e i n t e r i o r coro l la . P h o t o c r ed i t : G. R. 
Truji l lo. 
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Pla te 2. Ipomopsis aggregata in Pover ty Gulch , G u n n i s o n C o u n t y , CO. P h o t o 
c red i t : G. R. Truj i l lo . 
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Pla te 3. Ipomosis tenuituba co lor r a n g e s f rom p u r e w h i t e t o l a v e n d e r a n d p i n k 
s h a d e s . / . tenuituba corollas is u sua l ly l onge r a n d t h i n n e r t h a n /. aggregata. 
P h o t o c red i t : D. R. C a m p b e l l . 
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Pla te 4. Ipomopsis spp. r o se t t e . Spec ies c a n n o t b e d e t e r m i n e d un t i l f lower 
e m e r g e s o r g e n e t i c t e s t s a r e p e r f o r m e d . No t i ce .wh i t e leaf h a i r s o n b o t h s i d e s of 
leaves . P h o t o c red i t : G. R. Truji l lo. 
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Pla te 5. Ipomopsis tenuituba-aggregata hybrid d e v e l o p i n g f lower a n d b r a c t s . 
No t i ce o r a n g e f lower b u d s a n d w h i t e a n d p i n k coro l la t u b e . P h o t o c red i t : G. R. 
Truji l lo. 
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Pla te 6. Ipomopsis aggregate tenuituba hybrid f lagged s h o w i n g e l eva t i ona l 
c l ine . O b s e r v e d p o p u l a t i o n s w e r e m e a s u r e d a l o n g t h e r igh t s i d e of t h e t ra i l . P h o t o 
c red i t : G. R. Truji l lo. 
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